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PR'EFACE 

During the p^t few years so research work has 

been carried out in metallography, crystallography, electro- 
chemistry, colloid chemistry, and geo-chemistry that we are enabled 
to approach the subject of metals in an altogether new spirit. It is 
now possible to suggest reasons for phenomena which at one time 
Appeared inexplicabk*, and to detect regularities where once the 
Facts seemed chaotic. Advantage should surely be taken of the 
tiew aspect of the subject in the textbooks. The traditional 
practice of giving long catalogues of salts ” and empirical accounts 
of me^illurgical processes, is no doubt of use for books of reference. 
But in books intended for continuous reading, such H method is 
far too uninspiring, and should be abandoned now that knowledge 
lias ad^^anced sufficiently to offer something better. 

In Ibis book, an attempt is made to correlate cause and effect, 
anft to introduce such theoretical views as will serve to connect 
the known facts in an ordered and elegant sequence. The book 
is intended for the advanced student of inorganic and metallur- 
gical cliernistry, and for those engaged in research in these subjects, 
riie industrial chemist will, 1 hope, also find it of assistance, whilst 
C'.erJ^ain portions ((ng. those dealing with work-hardening, recrystal- 
lization, the effect of impurities on metals, and corrosion) should 
prove Useful to the engineer. 

The difficulties which I have experienced in writing the book 
have served to conviiY^c me that the work is really needed . Much 
information which I regard as being of the greatest importance I 
have found scall^iercd through the recent volumes of the scientific 
and tethnical journals — in many cases in journals which *are not 
commonly considered as being devoted to chemistry at all, and 
which appear sometimes to have escaped the notice of the wrii^rs 
of standard chemical textbooks. 

Of the four ^jylumes, the first is of a gfeneralized character. It 
begins with an introduction in which I have endeavoured ?o con- 
dense the elementary principles oi general chemistry, phy|ics and 
geology, a knowledge of which Jbhe reader is assumed lifi the^l:jpdy 
of the ^ork to possesi. The body of ^olume I is divided into two 
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parts, “ T^e of' t^e 'Metallic Stale v (Metallograpny) and 

The Stuojr of tlc^ fonic State *’ (^h'ctroc^einistry). The metiil-^ 
J^ogra|;ii^^ i^ortion includes' the effeVs of Reformation, annealing 
and^idJoying on the properties of metals ; the^^leetrochemical portion 
includes such yfibjects as the structure of precipitateij the colloidal 
state, electro-deposition and chrrosion ; it closes with a chaptjr 
on radioactivity. By the treatment of the metallography apd 
electrochemistry of metals in a general fashion, with examples 
chosen from individual metals, these two subjects are presented 
in a more satisfactory niimner than if they were introduced piece- 
meal in the sections devoted to the different metals. In addition, 
a great deal of wearisome repetition is avoided in the subsequent 
volumes. 

The chapters dealmg with electrochemistry have presented 
special difficulties. I do not believe it possible to obtain a proper 
understanding of the chemistry of meta^^ without some knowledge 
of electi^chemistry and colloid chemistry. In order to throw 
open these subjects to all, I have made the treatment, as far as 
possible, non-mathematical. A great obstacle to the attractive ■ 
presentation of electrochemical principles is the barbarous char- 
acter of the nomenclature in use ; I have not felt justiffed in intro- 
ducing a new nomenclature, but have tried to make the oest of 
the existing terms, selecting a terminology which will be definite,! 
even if it is not dignified. ** 

In Volumes 11, III and IV, I deal one by one with the individual 
metals. The order observed is based upon the Periodic Table in 
a form similar to that made popular by Sir James Walker. The, 
old form of the Periodic Tabh^ which classes sodium along with 
copper has now — it is to be hoped — few active su])portCjrs, although 
it still ornaments the walls of our lecture theatres, and appears to 
find favour with the authors of chemical treatises based ifpon the 
classical model. In the new table, which accords well with the 
chemica] and electrochemical properties of the elements and is 
in harmony with modern ideas of the structure of the atom, the 
elements can be divided into three main classes, an^. I have allocated 
^ a different volume to each class. Volume II deals with the metals 
of the “A Groups,” Volume III with the “ Transition Elements ” 
(“Stroup VIII ” of the old table), whilst Volume IV deals with the 
metals of the “ B Groups.” 

The space devoted t6 each metal is divided -mto three main 
sections^. The first deals with the metal and its compounds from 
the po^nt of view of the academical laboratory. The pure chem- c 
istrv^of the metal and its compoun(j8 is here discussed ; no reference 
to ores, technical processes ^and industrial application is Made in 
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tkil saKftion, which is th’erefore fairljj concise, ijjib section enas 
with a suihmary^f methoi^s of analysis of IJiejirietalin qutSstion, 
‘although the book is nbt ifitehded as a practical analyt’^^il hand-^ 
book. 

Tlfb secoi d sectidii ^eals shortly with tte terresil? 0 ial occunrenco 
of the metal in question, starting wii^ its origin in the rock-magma, * 
aid discussing the probable mode of formation of the important 
orts and miher^s, both prim|bry and secondary. 

The third section — which is often the longest— is of a technical 
*character. We sjart with the ore or i^«s*'M’iJ?rand follow the metal 
through the processes of concentration and smelting, and finally 
consider the practical uses of the element, and of compounds con- 
taining it ; I have tried to show why the properties of the individual 
metal— as stated in the theoretical section — render it suitable for 
the various uses to which it is put, and to make the technical section 
i correct survey of industry carried on at the present time ; I 
liave only referred to obsolete metliods of procedure in a f^ places 
where sik^ a reference is thought to be instructive. 

Stress has been laid on thp important points, which have been 
illustrated by a few chosen examples in order to avoid burdening 
the reader with a mass of names and numbers, which he will not 
retain, and which can be looked up when required in a table of 
physical constants or in a detailed book of reference. Proper names 
Rave largely been concentrated in the footnotes, and thus kept out 
of tto text ; I have written a book about chemistry— not about 
chemists. Likewise the figures are frankly diagrammatic, drawn 
to emphasize the salient points ; in the diagrams of technical 
plants much that is of merely structural importance is omitted. 
I have only employed the historical order of description where it 
happens* alscf "to be the logical order. 

Throu^out the book numerous references are given, in foot- 
notes, to scientific and technical literature ; these should be con- 
.sulted by the reader who wishes to study any given part of the 
subject in greater detail. In .selecting these references, I have not 
given preference to the work of the actual originators of the various 
theories or procesJes, but have sought rather to provide the feader 
with th(f most recent information regarding the matter under 
discussion. The recent papers themselves will include referencti 
to the earlier ones, whilst the converse is clearly not true. 

In subjects regarding which disagreement prevails at present, 
I liave in most cases departed from the usual custom of gifi5g in 
turn a summary of the views advanced by the various disputants, 
&8 this practice is apt to leave the* reader hopelessly l^^laehsd. 
Rather, J have endeavoured to suggest a standpoint which t£e 
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average readeP^^ay safely adopt as a working hypothesis, uhtil 
further researcK finally decides th^ question* un^ler dispute. If, 
^owet»rtjf4ke subject happens to bd ode of special interest to tW 
rea^^r, he should consult *the references in l^e foot-notes, and form 
his hwn opinkftis. In these foot-notes, he wifi find^ ^5forenchs^to 
many authorities whose views'^re not held by the present writer. 

As already stated, ^rcat efforts have been made Jo render tne 
book as “ up-to-date ” as possible,, but I have jiot concealed Ae 
fact that uncertainty still prevails on many parts of the subject,^ 
and that research is' trc/Rinldally being conduced to settle these 
doubtful points. I have Endeavoured to prepare the reader to 
revise his own opinions without undue reluctance every time he 
may open a scientific journal. 

I wish to return thanks to the numerous friends who have very 
kindly given information or advice. Especially would I mention 
Mr. C. T. Hcycock, Dr. E. K. Rideal,^ Prof. H. C. H. Carpenter, 
and Mr .“Maurice Cook. Mr. Cook has prepared the micro-photo- 
graphs accompanying Volumes I, III and IV of the book, and has 
shown much skill and patience in obtaining results which illus-^ 
trate clearly the points described in the text. ^ 

U. R. E. 

Cambridge, 1923 . 
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A. Cadmium. Section. Etched with chromic acid + nitric acid. 

Magnification X CO. 

B. Cadmi^. Free upper surface of ingot. Not etched. Magnification 

X Oo. 2 

C. Lead, slightly bent to develop slip bands. Free upper surface of 

ingot. Not etched. Magnification X 60. ^ 

D. Copper-silver alloy (60 % Ag, 40 Cu). Section. Etched with 

ferric chloride + hydrochloric acid. Magnification X 440. * 
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\vith chromic acid + nitric acid. Magnification X 100. 
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at 1000 C, Section. Etched with chromic acid + nitric acid. 
Magnification X 60. 
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INTRODUCTION 

The object of this introduction is to set forth very briefly — and in 
a non-inatliematical form— the general knowledge of chemistry, 
physics and geology which, in the body of the book, the reader is 
assumed to possess. It is intended primarily to refresh the memory 
of those whose study of thesv? subjects has not been continuous, 
and to make them acipiainted with some useful conceptions which 
have appeared during recent years. 

Onlygfchose portions of the subject me included which are indis- 
pensable to the reader who wislies to make an intelligent study of 
metals and metallic compounds, and in the interests of economy 
of space, they are treated as shortly as possible. Much of the 
iirevaiUng confusion of thought existing in connection with metallic 
substances i.s due to the fact that the necessary knowledge of general 
chemistry, physics and geology is not acquired before the student 
passes to the partkmlar study of metals. However, those who 
feel themselves sufficiently familiar with any parts of the subjects 
discussed in the introduction will be fully justified in omitting 
thesi^ portio^jS. Indeed, some readers may prefer, in the first 
instance,^ to omit the introduction altogether, and to commence 
, their reading at pag(‘ 135, referring back to the introduction where 
they find it necessary. From page 135 onwards, it is recommended 
that reading should be^continuous. 

Owing to the fact that, in the introduction, a vast range bi 
subjects must be l(msidercd within a limited space, it is impossible 
adequately to describe the experimental basis or the proces* 
of reasoning which has led to the theoretical views on physics 
chemistry and geology now generally held ; the writer has beer 
content merely to give an outline of those views in so far as tliej 
are needed for the understanding of the pJoperties of metalf^ anc 
their compounds. ' * 
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[NTRODUCTION 


•1. Ele^’rioity 

The Electric Current. Electrical ideas arc •so frequently 
used in chemistry — and especially in the chcrnLstry of metalsr— 
that it is necessary lor every chemist to have a^l^tr idea of tlu' 
elementary principles of eha-tricity. Contrary to the common 
custom, we shall commence with the consideiation of an elecft’if 
cniTent as furnisli(‘d by a^primaiy cell. If a Carbon plate and a 



Electrons sucked in 
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zinc plate arc partly innncrsed in dilute sulphufic acid containing 
potassium dichromate, and are then joined outside the liquid by a 
Jong piece of copper wiir*, a current of electricity is caused to How 
through the wire, as is well known. The causes that underlie the 
generation of the current are dealt with in the latter portion of 
this^vjlume. All that is desired at this point is to give the reader 
a useful picture of the movement of electricity that is involved. 

'Jltfl passage of the electric current along the wire may be comparers 
t(f the circulation of water thrcfugh a pipe system, tl^ analogy 
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the two cases being shown in T a anfi^ fB. If a steady 
(Jowiiward ])iesftiye applied t^ the handle of^ t|^('*piinl^^ sh(*v\Mi in 
Fig. I A, water will l)e force'd ()lit on oiu^ side*, idto tin*, pipe-eireiiit, 
and an (Mpial amount# snek(‘d in on tin* otlu'r ^yrle. *The raki of 
(lin Elation tl^ough pi])e dejMmds on tli(^ fore(‘ a^)plicd to*the 
handle, the iniinediate cause' of the eireulation l)eing the* dilTerenee . 
of pressiifc j)j:’odueed on the two skk's of tU‘ ])iston. 

•Now compart th{‘- action (^f the “ dkdiromate cell,” shown in 
Kjg. 1 b. It is hAieved that th(^ cell forces out along the wire a 
stream of electroi^s (or particles of negative electricity) at the zinc 
pole (the so-called Negative ]\>1(‘ ”), jftid that it sucks in an equal 
number at the carbon pole (the so-called Positive Pole ”). This 
How rouml the circuit must be consid(M-(‘d as due to something 
analogous to the dilTerenee of pressure* (‘xisting on the two sides of 
the j)iston in the ])ump. We say, therefore, that a Difference of 
Potential (or P.D.) exists between tin* zinc and carbon plates, 
and we look upon this I otential J.Mffcrenet* as the cause of the 
movement of (*lcctrons round the circuit. 'Phe Potential Difference 
is commonly measured in volis ; the “ dicliromate cell,” described 
above,^)roduces a IM). of 212 volts ; but the Daniell ceil (consisting 
of plat(*s of zinc and copper, immersed in solutioi^s of their respective 
sidpha^es) is resjK)nsil>l(‘ for a TM). of only about lialf this value, 
namely, 1 OOli volts, d’hc P.D. of a cell is also spoken of as the 
Electro-motive Force (E.M.F.), the force that drives the current 
round ll.r circuit, or simply as tlu* " Voltage." 

Now, in the ( ase of the wat(‘r-circuit.. the quantity of water that 
flows do('s not de])end merely on the jnessure apjdied to the pump- 
handle, b\it also to the length and diauK'ter of the pipe. If the 
pipe is a short and stout one, a small pressure wall serve to 2 >ush 
roulid j^greaf d(‘al of water each second, whilst, if the pipe be very 
long orn'cry tliin, the How is olistructed, and the same pressure 
applied to the pump produce's a much smaller circulation of water. 
Exactly the same thing ha])j)ens in the* case of the electric cii’cuit ; 
if the copper ware* is short and stout, the cell will give a high current ; 
but if tlie length of the ware is increased, or the cross-section reduced, 
the current is to a corresponding extent diminished. Ihe stlength 
of electric current which is proportional to the number of 
electrons Herwing past a given point in th(* circuit each second-^ 
is in practice measured in ainperes:' It is found that the current 
(C) sent out by a cell over a given circu^ is proportional to the 
Potential Difference (E) provided by the cell in question ftiis is 
known as Ohm\s Law, and may bo expressed, 

* Ox «E. 

Thus, siijee the dichromate cett has about twice the E.M.F. of the 
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Danieli ceii, the lorm^r^will force about twice as much burreiit 
over <the sltuic Igng thin piece oii, wire as will /^he latter.^ Th,«^ 
magiutude of the required tb force a current of one ampere 

ovei a given' ckcu it is a measure of the reshitance of that circuit ; 
resistance is jneasun^d in ohms. If we express the E^M.F. of a^c^ll 
, in volts, the current produced by the cell in amperes, and the 
resistance (R) of the«‘ntire circuit in ohms (including^ the internal 
resistance of the cell), Ohm’s Law tuay be writteii 



The reciprocal of the resistance is the “ conductivity,” which is 
measured in “ mhos ” or “ reeijmica! ohms.” The conductivity 
of a circuit expressed in mhos is numerically equal to the number of 
amperes which are forced over it by an R.M.F. of one volt ; if 


the resistance of a circuit is R ohms, it^ conductivity is 


1 

H 


mhos. 


The resistance of a circuit does not depend merely on the dimen- 
sions of tht^ bodies composing it, but also on their nature. If, for 
instance, the copper wire of the circuit described above is replaced 
by an iron wire having identical dimensions, a much smaller curnmt 
is forced through it by the same cell, in other words, irqn has a 
lower conductivity- — or a higher resistance- -than copper ; the 
specific resistance of a material is the resistance of a piece 1 cm. 
long, and of 1 sq. cm. cross -.section. The table below gives the 
specific resistances of a few common materials : 


Copper (Aimealed) . . . . 

SpeciAc Resistance. 

P59 >' 10-« 

Iron (Wrought) . . . , 

9 0 X 10-« 

Carbon (Crajiliite) . . . . 

, varies from 4 > upwards 

5% Hydrocliloi'ic Acid . 

2 -.5:1 ^ 

Pure Water (freed from di.'^sohTX 

1 

substances —WcilamI) 

140 /; 107 

Parattin Wax . . . . 

X 10i» 


The current C which is forced by an E.M.F. of E volts through 
a conductor of length I cms. and cross-section a sq. cms. math' of a 
raaterfal of specific resistance, k, will be, by Ohm’s Law, 


C 


E 

R 


hji 

amperes. 

kl 


c 

Tlfos^e substances which have a very low specific resistance are 
called conductors. The metals are by far the Ixjst conductors of 

1 

* It is aesLimud f6r simplicity that the resistance of tlic cxlerniil circuit 
is nigh compared to that of the eeli6’. '* 
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ck>(;tricity, and among them sib/cr a^idtcoppei’ iiave the lowest 
i^sistance. Apatt frf)m tl^ few solid* stbstan^es efftidiiet 

electricity well, the most important ex(?^tk)n ?>oing carbon, f^hich^ 
is a^very useful con(Juttor for many purposes. • 

'‘Many substances such as glass, porcelain, oil, wax,* rubber, rcvsin 
and ebonite do not conduct electricity to any appreciable extent. . 
They are ujed^to support, or to cover, th^ metallic conductors 
along which electricity flows, ‘with a view to preventing leakage, 
aftd are therefore called insulators. Air and other gases can 
generally be regarded as good insulators, although if the potential 
difference between two conductors separated by air is fairly high a 
certain appreciable leakage of electricity docs take place across tlie 
air-space ; and, if the E.M.F. is raised higher still, the electricity 
may jump across a considerable length of air as a spark. 

Solutions of salts, acids and bases in water constitute a third 
class of substances. They^ conduct electricity, but suffer chemical 
decompojytion in th(^ process, and are therefore called lelectro- 
lytes. 

The^Effects of an Electric Current, ddie passage of a current 
through a (jonductor is made manifest in various different ways, 
which will be mentioned in turn 

(1) 'The Heating Effect. The whole circuit is heated by the 
passage of a current, but the heating is most intense where the 
resistam ** is highest ; if part of the circuit consists, for instance, of 
a very thin fllanK'iit of tungsten, this may ])ecom(‘ so hot as to give 
out light — a fact which is utilized in tlie ek'ctric glow lamp. 
The heating effect of a curr(mt is also employed in the electric 
furnace. 

(*2) 1>he Chemical Effect. Many .solutions are decomposed 
when eftctricity passes through them ; thus, when a current is 
forced through a solution of nickel chloride, it becomes split up 
into nickel and chloripe, which appear at the points where the 
electroji stream enters and leaves the solution. The chemical 
effect of a current— of which advantage is taken in electro-plating 
and mayiy other branches of industry — is fully discussed* in the 
latter part of the present volume. 

(3) The Magnetic Effect. If a coil of iiLsulated wire is wountl 
round a ])ar of iron, and a current is passed I'ound the coil, the 
])ar becomes a '‘magnet” and ac<|uires Ihe ])ow(U’ of attracting 
other ])ieces of iron. Much of the tuagnetism is lost w»um th(‘ 

, current is turned off, but a portion ahvays nnnains. If the^^ar is 
of soft iron, it is liable to lose tlns^” fesidual magi^^tism ” ^n keep^g, 
especially if subjected* to roupi*usage.^ But if the bar is of hard 
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steel, it will retviii its atlraMve power well, and cjxii lu' -taken out 
from The coil an< used as a perAi^.n^nt 

^ Tlfe attractive power* o^^' magnet for iron is more or less confined 
to \klje ends of the •bar (the “ poles ”). If a bar-jnagnet be suspevded 
at its centre«»by a string, it sets itself with the pol<5s in a certain 
. direction (nearly north and south) determined by the magnetism 
possessed by the earth. The poles can thus Ik- class^fif^l as “ north ” 
and “ south ” poles. If a second ifiagnet be brought near to tlie 
suspended magnet, it is found that two like poles (e.g. two noiTlf 
poles) will rcjjel one another, whilst two iinlik# poles (one north 
and one south) will attract one another. 

The magnetising effect of a current is used in electric bells, in 
numerous telegraph and tcle])hone instruments, and in electro- 
magnets. The electric motor is another a})plication of the same 
principle. 

If two circles of wire be suspended. ^ind an (-lectric current be 
])assed ffnrough them, it will be found that they attract o»e another 
if the current is passing in the same direction in both circles, but 
that they repel one another if it is ])assing in opposite directions. • 
This phenorhenon is closely connected with the niagnetising powc-r 
of the electric current ; the circles may, in fact, be regarded as two 
very short and stout magnets. ^ 

Furthermore, if a suspended or ])ivoted (toil is placed betweei*. 
tlie poles of a permanent magnet and a current is j)assed 

through it, the coil will tend to set itst-lf with its axis ])arallel to 
the line joining the poles. This effect is employed, in the “ Moving- 
coil Galvanometer ” (Fig. 2a), for the nuxisurement of a currents 
The current to be measun-d is made to pass through tint ])ivoted 
coil, the movement of which is controlh-d by a spiral spring/, a 
pointer is attached to the coil, which, fuoving over a ’suitabk- 
engraved scale, indicates the strength of the current ])assing through 
the instrument. 

The scale may be engraved to indicab- th^ strength of tlu- current 
in amperes directly ; such an instrunu-nt is then called an “ am- 
meter,” The resistance of an ammeter should bo low, so as to 
add as little as possible to the total n-sistance of the circuit. 

Since the current passing through any galvanometer is determiiuid 
by the P. D. which drives the cunx-nt through it, the scale of a 
galvanometer can, as an alternative-, b(^ <-ngrav(-d so as to show 
the \mltag(* applied ioM. Such an instrument then eonstitub-s a 
voltmeter. Oidy a galvanometer of high r(‘sistanee should ])i‘o|)erly 
be u^s^-d as a voltmeter for reasons which will lx- ex|)lain(‘d later; 
unfortunately, mafty so-called * voltmeters ’’ have not nearly such 
a high resistance as would-be desirable. • * 
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A single galvanometer of inte^mcdiflte^ resistangt^ and extreme 
sensitiveness can*b(^^ snade^to^fimction at will cither •as a* low 
resistance ammeter, or as a high we^istahhe voltmeter^ by 
mea^js of accessory wife coils of suitable resistance. *If a coi>^of 
high resistaiK* compared to that of the galvanometer be placed 
“in series” with it, as shown in Fig. 2b, only a fraction of the 
total potential djop between T and T' falls o^er the galvanometer 
[)ro])er, and the cam bination Incomes a high resistance voltmeter 
of •medium sensitiveness. If, on the other hand, a coil having a 



A 


Shunt 



B Fig. 1. C 


resistiiiic(‘. low compared to that of the galvanometer be connected 
as a “ shunt ” (see Fig. 2(j), oidy a fraction of the total current 
passes tlirougli the galvanometer, and the com})ination becomes a 
low-resistance amuudnr of medium sensitiveness. The scale of the 
galvanometer is made to read volts or am])eres directly, allowance 
being nuuh^ of c.ourse, for the (effect of the se|ies or slnint resistances^ 

Energy. Any body or system of bodies whicih is in imati?)!!, or 
is capable of producing motion, is said to possess energy. A moving 
train possesses kinetic energy, by •virtue of its motion. ^ A mJlss of 

water in*a reservoir at a higll level possesses potential energy, 

# • 
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for, whilst ll(T\yng dowij, a low level, it can be made to drive a 
wat«r tuA)ine.' tAiheap of coal ^^sesses ch^jmfcal energy, sinC## 
it cun be burnt to’ prodijcra heat energy, which in its turn can l)e 
used to cause mention in a steam-engine. Tile electric cell furnishing 
a current — ^is described above — possesses electriceil energy, for ' 
the current can be used to drive a motor. 

Different forms ctf energy can be transformec^ t», one another. 
The followng table shows the nacne of some, machine, or some 
operation, in which the various transformations are carried out* 



All these forms of energy arc convertible to on(‘ another, according 
to a definite “ rate of exchange.*’ Electrical energy, as wilil shortly 
be explained, is conveniently measured in joules ; heat ‘energy is 
measured in calorics, a calorie being the amount of heat needed to ‘ 
raise the temperature of a gram of water ^hy T^ C. If we convert 
electrical energy to heat energy, we always find that one joule 
])roduced 0-24 calories of heat, however the transformation is 
effect^:!. The same sort of relationship applies to other transforraa- • 
tions of energy. Apparent exceptions are easily explained. For 
instance, if we are converting electric energy to mechanical energy, 
one electric motor may prove of more value than another ; but this 
is not because the “ ^ate of cxchangf^ ” is different in the two 
moto.’s^ but because the less eflieient motor allows more of the 
electrical energy to be converted to heat, thus diminishing th(^ 
amotilit converted^into mechanical energy, 'fhe energy is not lost ] 
it ^8 merely converted into a form %vhich is not desired, t 
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“ Heat ” is, in tact, a form of energy Vhijih is continually ap])ear- 
iftg when not deare(*] .• It is c^ifimonly said a “ degraded ” 
form of energy, because it is only j)OssilJc .to convert it to dthcr 
forn^ to a limited extent. When, for instance* we attempt\to 
convert heat eiiergy into motion in a “ Heat Engine,” we find that 
the conversion is only partial. However perfect and frictionless 
the engine mg.y l)p, it is found that only a fraerton of the heat taken 
uj)*in the “ hot rejiervoir ” (e.g. ilu' boiler) can ever be converted 
kik) mechanical energy. The remainder passes, unconverted, into 
the “ cold reservoii ” (e.g. the condenser). 

The designer of machinery is maitily concerned with the avoidance 
of accidental conversion of energy into heat, 'the conversion of 
kinetic energy to heat through friction is minimized by the lubrica- 
tion of the bearings. The conversion of (‘l(M;trical energy to heat is 
I'cduced by keeping low the resistance' of the conductors, and in 
other ways. But in no machine is the appearance of heat entirely 
prevented ^ • 

Sources of Electrical Energy. In some countries the electrical 
energy which is recpiired for industrial and domestic purposes is 
derived from the potential eiu'rgy of water at places wh^re a stream 
descends rapidly from a high to a low level (e.g. at a waterfall) : 
the wat«r can Ik' mad(‘ to drive a water turbim', which in turn will 
(irive the dynamo that generates the electric cuTrent. But in 
countries where there' are no streams with laals of steep gradient, 
electricity is usually derived from tlu' clu'mical (uiergy of coal. 
The coal may Ik' burnt beneath boilers, and the st(*am utilized in 
driving steam-(mgiues which work the dynamos. Alternatively, 
the coal can Ix' used for tin' manufacture* of a combustible gas, 
suitable for (ipnsumptiou in internal combustion engines, which 
will servk to drive the dynamos, in either case only a small portion 
(p(‘rhaps*l() to 25 per cent.) of tin* energy stored in the coal actually 
appears as electrical energy; the rest is lost in the form of heat 
energy at some stage in^lhe transformation. Attempts to carry out 
the direct conversion of coal (‘iiergy to electrical energy have 
hitherto failed.’ 

Practically the whole of our ('lectrical ein'i'gy is thus generated 
by means of the dynamo ; that niachine, which cannot be described 
ill detail at this point, will be referred to again in the section on* 
magnetism in Volume III. It may be mentioned, however, that at 
most large modei'ii g('nerating stations the (‘k*ctric current generated 
by the dynamos is not a continuous current, but alternating cnirrent, 
the direction of the movement of the electrons in the circuit J:jping 

^ For history of these attempts, s<*©iE. K. Ridoal anil U. R. TrtMu. 

Faraday SBc. 17 (1921), 4p(36. 
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reversed at ^’oquent ii)^.erVals, perhaps fifty times each 'second. 
Theliificrf'nt me4li«ds of transmitft:jg ejectrioa^ cifergy (as one-phaiS§* 
or three-phase alternat^^ig current) will bo referred to again in 
Volume lit. • * ^ ^ 

For certain purposes, especially where it is desired, to utilize the 
“ chemical effect of electricity, the alternating current — being a 
mere surging of electrons to and fro about their ijicaq positions — is 
useless ; a continuous current, in which the electrons travel for\A/rd 
steadily in a single direction, is demanded, and for such c^sos 
continuous-eurrent generators can be providedi Small quantities 
of electrical energy, if generated as continuous current, can be 
stored conveniently by means of the lead or nickel accumulators, 
described respecti\ (“ly in the sections on lead {Vol. IV) and nickel 
(Vol. Ill) ; there' is no effective method of storing large quantities 
of ele(‘fricnl energy. Often it is convenient to use a series of lead 
accumulators (previously charged b^ means of a dynamo) to 
provide eun’cnt in cases where only a sn\all E.M.F. (lesg than, say, 
12 volts) is called for ; the accumulators provide a very steady 
E.M.F. , which is usually a great advantage. Where ^ largeii 
E.M.F. is ’required, the current is commonly provided directly by 
a continuous-current dynamo. Although an accumulator is certainly 
the most economical — and usually the most convenient — rftethod of 
obtaining a steady E.M.F. of a few volts only, “ primary cells ” arc 
often used for this purpose, especially for the lighting of small 
pocket torches. One form of primary cell (the “ dichroraate cell ”) 
was mentioned at the beginning of this section, atal other more 
portable forms will be described subsequently. In all forms of 
primary cells, hovv('ver. the production of current depejuls upon the 
oxidation of metallic zinc ; since the zinc has jv’eviously been 
brought to the metallic condition by reduction vvith ^oal, the 
electrical energy generated by primary cells is ultimateJy derived 
from the chemical energy of coal. But this method of transforming 
coal ent'igy to electrk'al eruTgy is far morw wasb'ful even than that 
in which a heat engine is employed ; probably not more than 
11 per cent, of the energy of coal is recovered in the form of elec- 
tricity. , 

Units of Quantity, Enerj^y and Power. It is possible to show 
•that the energy required to forc(‘, a volume of water, V, round the 
water-circuit shown in Fig. 1 a is (^qual to 

• , * P V 

wh^^ P is the difference of pressure on the two sides of the pistop. 
Similarlji the enetgy iieeded tfl force a quantity of electricity round 
the electric circuit of Fig. 1b is the product of the potential 
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lifTcrtMK'c ” (K) causes thcyarculati(?ii, and iJic ijuaiitit^ of 

iftdru ity (Q) forced Vdiind the circuit. Thus tlffe electrical energy 
s equal to 

h: X Q 

^ut Q, the quantity of eleeXrieity, is equal to the strength of eurrent, 
multiplied h^ the time I, during which it dmvs. The energy is 
hei^fore equal to 

mt 

riu' ■' Power," or nflc' of production of (UMM'gy, is equal to 

Pnergy KCf 

Tiin(‘ ( 

It is now iiee(*ssary to iK'come familiar with th(‘ units <d " Quantity 
if Kleetrieity," "Power" and " Kleetrieal Pnergy " commonly 
in ployed ; all are simply rehfted with the units of Current, Piji^ential 
nd Pesistiftiee Avhich have been introduced above - 
, The Unit of the Quantity of Electricity is the Coulomb or 
Ampere-Second. One eoulomb of electricity jiasses jt point on 
he circuit each second, when a eurrent of one ampere is flowing. 
The chanj^e of a single electron is only about 1 *59 >; 10~^^ coulombs. 

•The TTnits of Powder. Tin* Watt is the Power developed when 
HK^ volt fiTces a eurrent of one ampere round a circuit ; the power 
s always obtained in watts ])y multiplying the current (measured 
n amperes) by the P.M.F. (measured in volts). 

The Kilowatt, often a imue convenient unit, is equal to 1,000 
vatts. One Kilowatt is equivalent to about 1 \ horse-j)ower. 

The Uflits df Electrical Energy. The Joule, or Watt-Second, 
he energ^^ (‘xpended when one watt is (‘xerted for one second, is 
in inconveniently small unit, 'rhe Kilowatt-Hour (K.W.H.), 
he energy (‘Xpended wkm a kilowatt is exerted for an hour, is 
'(pial to .‘PO ' 10® joules, and is the unit by which electric eniu'gy 
s bought and sold. 

Distribution of Potential over a Circuit. If the external 
‘ircuit of a cell consists of one long uniform ware, the potential 
Irop along it is uniform, as (‘.xpres.sed graphically in Fig. 3a. If, 
loweviT, part of the circuit be. composed of thinm*r wir(\ or of less 
‘onducting Tnaterial than the rest, the polled ial gradient wilj be 
dee])er ovi'r Ihe poor (amductor, as shown in Fig. 3i{. ni the 
‘jtrenu* ease, when one })ortion of the circuit consists of a ver^ipyiin 
■onduetoi* (e g. a lamp HlamentJ,,the remainder t)eing stmit wdm, 
practically- the whole of* the 2*|2 volts tarnished by the cell may 
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fall oveiM lic Hlaiiicnt such ai^^ato of alfaii'? is .shown in Fig. lie. 
The current C*if^*constant throug^hout the* /irc^iit ; and since/by 

* F* • * 

Uhm’s Lf(w, Q = it follows that F, Vhe Potential Dilferonce 

• * K • • 

falling over any given portion, is proportional to ft, the resistance 
of that portion. 

If the internal resistance of the cell be apprefiable compart^ to 
that of the external circuit, an appreciable fraction of the Potential 
Difference will fall within the cell ; thus, in measuring the E.SPF. 
of a cell with a voltmeter, it is essential to em^doy a voltmeter the 
resistance of wliich is Imjh compared to that of the cell in question. 



Fig. :i 


Generalized Form of Circuit. Electricity is iisial for all sorts 
of purpose's ; but, almost always, the aj)faratus is joined up in th(i 
same sort of way. It will be convenient at this point to show the 
general arrangera(‘nt of a circuit (I^ig. 4). 

Fu-st of all, we require' a source of current. This may consist 
jf a row of cells such as have been described above ; if so they 
svill probably be joined “ in series,” the zinc of one cell being joined 
to the copper of the next, and the outside tf'rminals of the two cells 
at jach ('nd of tlu' s(*ri(*s being joined to tlu' external circuit. In 
the diagram a “ battery ” of three (a'lls joim'd in sei'ies is show'll ; 
th^j will give three times the E.M.F. of one cell, but will not furn^ph 
( 4 uite tlvce tinu^ the currenf, because tiu' resistance of the extra 
cells will be added to that^of the circuit. Often in practi^b, however, 
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the source ot current ^es not consist of cells, but “ accumu- 

laj^prs ” ; if the required more than abpiit 12,^volt{5, a 

dyjiamo ” will probhbly bd uSed. , 

From Z, the so-called '‘negative” buiuinal of the “source of 
jCurreift, the (‘Jj'ctron -Stream passes to a variable resistancih 
consisting of a coil of ware wound on a long frame made of an 
insulating material ; a sliding contact moves along the coil, and by 
r egulating the portion it is possible, at will, to make the current 
past; through any desired fractional part of the coil ; the electron- 
stream next passes Jhi'ough an ammeter, A, and thence to the 
work, and finally is sucked into the " ttource of current ” at the 
so-called “positive” terminal, C. A small switch, 8 , is usually 
inserted in the circuit , which allows the current to b(‘ inb'i’rupted 
at will. 


The “ work “is, of course, 
the apparatus or machine 
which it is desired to op(‘r- • 
ate by mcifns of the cur- 
rent ; it may be an electric 
furnace,® a plating -bath, 
or a motor. A voltmeter 
is showij joined up “ in 
parallel” with the “ work,” 
and is used to indicate the 
potential dilTcjciu'e applied 
to it ; the reading of the 
voltmeter will not in general 
be as great as the full 
F.M. F. of the cells or dyna- 
mo, bec{ius(‘ •part of thr* 
potential • differenc(‘ ])ro- 
^dded by th«‘ cells or dyna- 
mo will fall over the vari- 
able resistance, and ])robably 


Source of 
Cur/’ent 



auotluM- part nwv tlu' interior of the 


source of current. 

. ddie object of thes variable resistance is to enable the operator 
to adjust the current, until the ammeter shows that the desired 
amount is flowing through the “ work.” It should be noticed that, 
of the current passing through the ammeter, a certain fraction leaks 
through the voltmeter, and does not pass tjirough the “ work ” ; 
if, however, th(; resistance of the voltmeter be high compareil to 
that of the work,” this will be a negligible quantity. 

Free Electrons. There is still t little unceitainty ^garJing 
the way i» which the jelectron-sfream ])as 8 e 8 through a 7neUilUc 


I 
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conductor.'^ tit is, lit>wev< 4 r, significant that Ue have independent 
(cl\|3micai) reasgns for tliinking Hjat, in a nu;tai, ^olne of the electrons 
arg' by no means /irmly f\\ed to tl/e a^om ; tne description given at 
the commencenunt of Aiis strtion, which ♦^uggt'sts that a stream of 
ifibre or less free electrons passes through the intcjjor of a nfetallic 
conductor when an E.M.F. is applied, is probably very near to the 
truth. We also k!)^)w that the atoms of non-metalljc substances do 
not readily part with their electro, ns, and it is sf|nificant that ouch 
substances are practically non-conductors of electricity. , , 

Concerning the passage of electricity throng^ a gas we have much 
more definite knowdedg#. Jt has already been stated that gases 
are not' conductors of electricity in the same sense as metals, but 
that if a high E.M.F. is applied to two metal plates separated by 
air or other gas, a considerable discharge takes place across the 
space. If the pressure of the gas between the plates is very greatly 
reduced, charged particles known as “cathode ray particles” are 
expel]/‘d at high velocity from th(‘ t^urfacc of the negative pole, 
or ‘‘ cathode,” into the exhausted space between the plates. These 
cathode ray jiartieles are nothing but free electrons. By means 
careful eyperiments upon cathode rays and similar plfbnomena, 
the properties of free electrons— or “ atoms of negativt* ek‘ct]’icity ” 
as they have been called — have been studied in detail ; Jheir masfc 
and charge are both well known. 

Electrostatic Charges. Electroiis an* believc'd to enter iut( 
the composition of all substanc(\s, being important constituents ol 
every kind of atom. The ubiquitous character of electrons ii- 
suggested by the well-known and very getieral piienoiTienon oi 
“ electrification by friction ” ; if glass be rubbed with silk, oi 
S(‘aling-w'ax with flannel, both the rubbed object, and the nibbei 
are found to be ‘‘ charged ” with electricity, and have the ])ropeit3 
of attracting light objects. One substance has become ])ositiv(i^> 
charged,” the otlier “ negatively charged.” The so-called negatively 
(charged substance has, it is thought, an', excess of electrons ovei 
its normal quantity, whilst the so-called positively charged body 
has a corres])onding deficit. The frictional method of producing 
elecfrification is of far less practical utility than the methods whicl 
generate a steady current, but the former method has led to oui 
knowledge of the laws of static cduirges, as opposed to those o 
currents. It is found that two bodies charged with opposit( 

electrifications (one being positively, one negatively charged 

# 

^ llie subject is discussed by Sir J. J. Thomson, ./. Inst. Mel. 14 (1915), Ii 
aiij^by C. A. F. Benedicks, J. Met. 24 (1920), 7. The intere.sting vi^w 
ol¥. A. Fhil. M<ig. 2^1 (1915), 127, may be studied with udvan 

lage. 
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attract ^ch other ; lut that like charg^jd J^odies repd each other, 
Tte law is, of coutt^^, f Igsely analo^us to that re^ating to ^he forces 
between magnetic pofcs. * ' ' 

Free electrons are alsc^evolved spontaneously froip incandescent 
.bodies. Thcy^arc geherated when ultraviolet light strikes on a 
metal placed in a highly exhausted vessel. Finally, they are 
produced c6ntipuously as streams of “ j^-ray particles ’’ from many 
of tfee radio -actif’e substance^ considered in the last ehajiter of 
tlyi^ volume.^ 


Thermo-electri^ty. At the present stag(‘ it is eonveni(‘nt 
to refer to the thermo-couple, * 

which was mentioned above in 
the table of energy-transformation 
processes, as an instrument in 

which heat energy is converted to 
('lectrical energy. Whilst.^how- 

ev(‘r, only an academic interest is 
attached to the thermo-coupl(‘ as 
% produce]' of electrical en<‘rgy, it 
})ossesses (‘onsidorable practical 
importance (in tlie form of tiie 
►thermo-eir'ctric pyrometei*) as an 
•in^itrum'mt for measuring tempera- 
tures at i rang(' too high foi* th(‘ 
use of ortliuary thermometers. 

When two metals are in con- 
tact, there generally exists at th(‘ 
common surface a potential dilfm- 
enee, the magnitude of which 
dt'pmals ^n tHe tianpcu'atun'. In 
tlie arrangtunimt shown in Pig. o, 

*an electric circuit is mad(‘ up of wiri's eompo-sial of two metals 
A and B, vvliieh are unilied togetluu’ in two jilaei's, dj and If 
tliese two jmutions are kept at the saim* tern ^ua’a tun', the IM). 
betwxMui A and B at Jj is exactly balanced by tin* IM). between 
B and A, at Jg, and there is no resultant E.M.F. If, howVver, 
.1.^ is hotter than Jj tin' IM). at Jj will not b(‘ equal to that at Jo, 
and a curr(mt will be pi’oduced which will cause, a deflection in the 
galvanometer G. Assuming that the metals A and have been 
suitably chosen, the E.M.F. of the combination will increase steadily 

n 

' The comiection hetweoa these different ways of electrification is discussed 
by I. Langmuir, Tram. Amcr. Eketrorhen]^. Soc. 29 (1916), 125. Reft*r^ce 
may also be made with advantage to J*. A. Crowther'^s Book <ni ' ' lon^. 
Electrons a»d Ionising Radiations (Arnold). 
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as the tempefature diffejeni;e is increased ; anJ: if the cold function, 
Jj, is kep* at a c^n^ant temperature, the ma^gnitvde of the deflectijui 
can be utilized to Indicate^ the temperature of xhe other junction, Jo. 

•The arrangeqient used in practice for Vneasuring temperatures 
is^ a little more complicated, but depends 6n the ^same principle . 
The matter will be discussed further in Chapter 111 , which deals 
W'ith pyrometry. 
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11 •The Elements and theie Modes oe Combinatioj^ 

« 

Chemical Combination. Elements and Compounds. The 
inhnite iiunilxt' oit niat(*rialK with whicli man i.s acquainted may 
be regarded an buill^ up by tlii^ e^ombinatioii of a limited number 
of*sfti)stances wliich, having for many decades defied the efforts 
of chemists to break them up further, havejbcen styled “ elements.” 
Jlecent iiwestigations in radioactivity make it impossible to con- 
tinue to define an element as “ a substance which cannot be broken 
up by any moans ” ; but those investigations have not altered 
the fact that it is convenient, for nearly all purposes, to regard 
flic eighty-six elements as being the ultimate materials from which 
all other materials (‘‘compounds”) are built up. ^ 

When tw(k elements combine to form a compound, the majority 
of the properties of the elements disapj)ear ; the compound usually 
if semblesg neither element. This loss of identity is the main 
characteristic of chemical combination as opposed to mere 
admixture. 

^ For insfaiKH’, when sodium- a metallic-looking substance, which 
IS violent! V attacked by water- combines with chlorine — a greenish, 
odorous, hig hly rcactiv(‘ gas- -the product is sodium chloride, a 
w^hitc, (uystalline, soluble salt possessing neither the physical 
appearance nor the high reactivity of either component. Probably 
the only property which the constituents retain entirely unchanged 
in the combined state is ttieii* mass ; the mass of sodium chloride 
produced is found to be equal, within the limits of experimental 
eiTor, to the sum of the masses of sodium and chlorine used up. 

^ ISucli a case may lie compared with the admixtui’e of ethyl 
alcohol and methyl alcohol ; when equal weights of these sub- 
stances are stirred togetlfer, the product has properties exactly 
intermediate betwiam those of the components ; the specific 
volume, for instance, of the mixture lies exactly half-way betvieen 
the spccifie volumes of ethyl alcohol and methyl alcohol.^ No 
appreciable' shrinkage or expansion occurs on mixing. 

'J^vo extreme instances have been given ; in certain cases, ad- 
mixture is accompanied by indications of chemical reaction, but 
the formation of a definite compound is not easily established. •If 
equal masses of chloroform and ether are mixed, the product lias a 
volume which is not the sum of the yolumes of the componeHI^, 

^ S. Youngs "Fractional Distillatiob ” (MacmUlanl. n. 40. See also J. 
Walker, BriL Assoc. Rep. 18 (1911), ^9. 
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but no very violent trfilrsfbrmatioii of properMcs occurs.^ In such 
doiibtfur cases, ^ the evolution (or absorpt?h|\) hf heat is a usefal 
si^n that some sort of'clfehucal change is occurring. When chlorine 
on sodium,' the substances get so hot as to emit light. }Vhen 
chloroform and ether are mixed, a small but distinct rise of tern- ' 
perature takes place, whereas in cases of pure admixture (such as 
that of ethyl alconol and methyl alcohol) no heat-effect can be 
observed. ^ 

Of the eighty-six elements, all except about seventeen are kifown 
as metals. Metals possess a peculiar lustre, an opacity to light, 
and a high conductivity for heat and electricity properties whicli 
are, for the most part, not possessed by the non -metallic elements. 
Metals differ very remarkably from non-metals in their chemical, 
and even more in their electrochemical jjroperties. The dis- 
tinction between metals and non-metals is, however, not a sharp 
one ; certain elements, such as iodhie and tellurium — which in 
this hook are treated as non-metals — have considerable claims to 
the title of metal. 

The Laws of Combinations and the Atomic Thsfiory. A 

most important characteristic of the simpler chemical compounds 
is their fixity of composition. For instanc(‘, sodium chloride, 
however prepared, always contains sodium and chlorine in the 
proportions 23 : 35-46. If a larger cpiantity of either constituent 
is present before combination occurs, the excess remains uncom- 
bined after the reaction. 'Jdiere are many classes of substance, 
for instance mixed crystals, in which the fixity of composition 
appears to be absent ; but, in spite of tlu-se apjjarent exceptions, 
the “Law of Definite Proportions” remains lla- basis of all 
(juantitative chemical study. 

The proportions in which the elements combine disjilay ccudain 
regularities which can scarcely be fortuitous. 4\\(> compound^ 
of copper and oxygen are known. In one of tlu'se, caipric* oxid(>, 
the elements arc present in the proportions 03-57 : 10-00 ; in the 
other, cuprous oxide, they are present in proportions 127-14 : 10-00. 
Thuc cuprous oxide contains exactly twice as much copper as does 
cupric oxide. This is only one single example of thi^ v5ry general 
“ law of multiple proportions.” 

Even more suggestive is the “ law of reciprocal proportions.” 
Sodium and chlorine combine, as stated above, in })roportions 
23*. ^5-46. Sodium and iodine also combine, in proportions 
23 : 126-9, forming a compound known as sodium iodide. Now it 
h^pens that chlorine and Jodine themselves unite to form the 


1 1,-1 1 ^ Cl-l 1 
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compouiia iodine ch'^oride ; and if jfWii» chloride'be analysed 
two clcincnts *a»o lotind to be present in tbc pr#pf)rtiofis 3546 : 
12(H). \ • 

Tbe conclusion is abnost irrestible that sodium, clilorinc ajjJjl 
• iodine exist in^iature, so to speak, “done up in bundles,” whose 
weights are in sonic such ratio as 23 : 3o-4() : 126-9. Dalton’s 
Atomic Hyp(^th^is puts tlie idea into ddinit^ form. According 
to fliis hypotlieais a^l substanc(‘siare sujiposed to consist of ininnt(‘ 
jiarWclcs or atoms. The relative weight of the atoms of the sub- 
stanc(*s mentioned ^bove are supposed to he sodium 23, chlorine 
3546, iodine 126-9, ox^^gen 16 (10, copficr 63-57. Of the two 
compounds formed by oxygen and copper, cupric oxide is supposed 
to consist of o.xygen and copjier atoms in (‘(]ual numbers, whilst 
cuprous oxid(‘ is believt-d to contain tuicc- as many copper atoms 
as oxygen atoms. Expressing the copper atom by the symbol Cu, 
and the oxygen atom by (J, ^e can represent cupious oxide by the 
formula and cupric oxide by the formula CuO. • 

Some years ago it was customary to take the weiglit of the 
Uydrogen atom, the lightest of ail atoms, as unity, and to express 
other atoms as multi])les of it ; upon such a scale the atoibie weight 
of oxygen is ap])roximat(‘ly 15-9. It is now (-onsklered more con- 
venient tak(' the oxygi-n atom as exactly 16‘(XH), and when this 
is adoj)tc‘d as a standard for th(‘ atomic weights of all other ele- 
ments, tilt atomic weight of hydrogen b(‘comes 1-008. The follow- 
ing table sliows tlu' 7ne(m atomic weights of tlu^ (tements, togethc'r 
with the symbol used in chemical formula) to (wpress an atom of 
any given element. It is now fairly ceitain tliat the elements 
whose atomic w(‘ightsare not approximately equal to whole numbers 
consist of atones of at least two different sizes ; chlorine, for in- 
stance, pfol)ahly consists of two sorts of atoms having weights 
35-90 and 37-00 res])cctiv(‘iy, hut tbey are mixed in such pi-oportions 
^hat th(' average wc-ight of tbe atoms in the mixture is 35-46. The 
two sorts of atoms hav» identical (bemical pro])erties, and only 
diher in mass. ’ This matter will be referred to again in the chapter 
on radioactivity. 

• In the ;niddle of the last century mucli confusion was caused 
because in some cases multiples or submultiples of the present 
atomic weights were regarded as tbe true values. For instance, 
the atomic weight of carbon was considered by some chemists as 
6-0, and the formula of methane was expreased as C2H4 ; at the 
present day it is believed that the atomic weight of carbon is^l2-0, 
and we write methane as CH4. Ibe two views lead to ex{|p^Jy 
the same results for the quantitative compositRm oi uitdliam^ 

1 F. W, Afvton, Phil Mag. 3J (1920), Oil. 
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' Intcrnatidnal Atomic Weights 1x921). 



e. ,, 

Atomic 



Atomict' 

Alihiiiniiun 

f Symbol. 

weight. 

Keodymiyjii 

Neon .... 

Symbol. 

weight.* ' 

. . AJ ^ 

' 27 1 

. Nd 

144-3 

A^gori . 

. . 81) 

120 2 

. Ne 

202 

. . A 

39 9 

Nickel . , 

. Ni 

58-68 

Ai’senic . 

. . As 

74-96 

Niton (radium 



lUriiim 

. . Ba 

137-37 

emanation) . 

. Nt 

222-4 

Hisuiiifli 

. Hi 

208-0 'I 

Nitrogen . . > • 

. N 

14 0()8 

Boron . 

. . B 

10 9 i 

• Osmium 

. Os 

19(1P9 

Broniijio 

. . Hr 

79-92 ' 

Oxygen 

. 0 

'W 

Caclmiuni . 

. . C'd 

112-40 

I’alladiiim . . . , 

. rd 

106-7 

Capsium 

. . ('s 

132 -SI 

Phosphorus 

. p 

31-04 

Calcinin 

. . ('a 

40 07 

Platinum . 

. Pi 

195-2 

Carbon . 

. . C 

12 (lOo 

J’otassium . 

. K 

39-10 

Oei-iiun . 

. ( 

I40-2.’) 

Praseodymium 

. Pr 

140-9 

Chlorine 

. . Cl 

35 46 

lladium 

. Ra 

226-0 

Cliromium . 

, , Cr 

52 0 

Rhodium . 

. Hli 

102-9 

v'obalt . 

. . Co 

5S-97 

Rubidium , 

. Kb 

85-45 

Cbiiunbiuin 

. . (i) 

93 1 

RuXJieniujn 

. Ku 

101 7 

Copper* . 

. Cu 

63 57 

►Samarium . 

. Sa 

15(J-4 

Dysprosium . 

. . Dy 

162 5 

►Scandium 

. ^c 

45-1 

Erbium 

. , Kv 

167-7 

►Selenium . 

. So 

79-2 

Europium 

. . Jhi 

152-0 

►Silicon .... 

Si p 

28-3 * 

Fluorine 

. . 1^’ 

19 0 

►Silver .... 

Ag 

107-88 

Cadolinium 

. . Cd 

157-3 : 

►Sodium 

. Na 

23 00 

C allium 

. ( la 

70-1 i 

Strontium . 

• 

87-63 1 

Germanium 

, , Ge 

72-5 1 

Sulpbur 

. S 

32-06 

Gluciniuri . 

. . (11 

9-1 1 

Tantalum . 

. Ta 

181-;?“ 

Gold . . . 

. , An 

197-2 1 

4’ellurium . 

. 4'e 

127-5 

Helium . 

. . Me 

4-00 

Terbium 

. I'b 

159-2 

Holmium . 

. . H.> 

163-5 1 

Thallium 

. 1’1 

204-0 

Hydrogen . 

. . Jl 

1(108 ' 

'riioiium 

. Th 

232-15 

Jndiiiin. 

. . In 

1148 

Thulium 

. Tm 

l()8-5 

iodine . 

. . 1 

126 92 ! 

'Pin .... 

. Sn 

118-7 

Jridium 

. . Ir 

193 1 

Titanium 

. Ti 

48-1 

iron 

. . Im‘ 

55-84 

'lamgsfen . * 

. W 

184-0 

Krypton . 

. . Kr 

82-92 

Uranium . 

. U' 

238-2 

Lanthanum 

. . La 

139(1 

Vanadium . 

. \' 

51-0 1 

Lead 

. . 1»1) 

2(17 20 

Xenon .... 

. Xe 

130-2 

Lithium 

. . Li 

6!)4 

Yttorbitiin 



Lutecium . 

. . Jai 

175 0 

(Neoyttorbinm) 

. Yb 

173 5 

Magnesium 

. . Mg 

24 32 i 

Yttrium 

. Yt 

89-33 

Man^nese . 

. . Mn 

54-93 

Zinc .... 

. Zn 

65-37. 

Mercuiy 

. . Hg 

2(104) 

Zirconium . 

. 7a* 

90-6 

Molybdenum . 

. . Mo 

96-0 





Not given in Intenuitiunal Lint. 



Actinium . 

. 226, Polonium . 

210, Uranium 


234 


Buf, €>t the two, th(^ older idea would recxuire a more coiuplicated 
formula for luany thousands of carbon compounds, and allows a 
sjmpleijormula ior very few f it has consecpiently been abandoncii. 
Various considerations have helped chervusts to chocjcui between 
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alternative numbers, and Avagadro’s hj^oMiesis, whicli will sliortly 
J}c explained, wascf especial value in enabling ^hRiftists •to dcftido 
upon the correct ninh^ers to be adopted. .New work contiiAies 
to s|iow that the choice has been rightly madcy* and* whate^r 
modifications 4he Atomic Weight table of the present day may 
have to undergo in the future, it is very unlikely that in the years 
to come wo sJ^H have to substitute for the jITesent value of the 
atdbiic weight of jyiy element •a multiple or submultiple of the 
nuiiibers accepted at the present time. 

The table of atoipic weights shows, of course, only the relativi^ 
weights of the atoms ; the absolute masffes and sizes of the atoms 
are, how'ever, now known. The absolute mass of a hydrogen atom 
is 1T)6 X 10 '2^ grams ; that of the oxygen atom is, of course, 15‘9 
times as great. Small as these numbers may seem, the mass of the 
hydrogen atom is about 1830 times that of the electron, the so- 
called atom of electricity. ^ 

Proceediyg, therefore, on the assumption that the mimber^ given 
in the table re])res(‘nt fairly a(K*urately the relati^'e weights of 
4he atoms, w'C can go on to examine the com])()sition of com})ounds. 
The mos^ important compojinds containing two elements (binary 
com})oiinds) are formed by union of a metal with a non-metal. If 
th(' chlorides, formed by \inion of a metal with chlorine, arc 
sUidied it may be notic(‘d that, whilst sodium chloride (NaCl) 
contains » ^pial numbers of chlorine and sodium atoms, magnesium 
chloride ^.MgClg) and aluminium chloride (AICI3) contain re- 
spt^ctively two and three chlorine atoms for each metallic atom. 
This fact may be expressed by saying that the “ positive valency 
of sodium, magnesium and aluminium are respectively 1, 2 and 3. 
The positive vijilency is thus a property of a metallic atom, and is a 
measure M the powi'r to engage atoms of non-metallie elements. 
Hydrogen, although not resembling a metal in physical propeities, 
often resembles a metal in its ])qwer of combination, and is fre- 
quently regarded as having a positive valency of one. 

Non-metallic atoms, on the other hand, are endoAvc'd with a 
negative valency, a number representing their power to engage 
metallic atoms. Chlorine, regarded above as the typical * 11011 - 
mctal, has a negative valency of one. Another inqiortant non- 
metal, oxygen, has a negative valency of two ; the “ oxides of 
sodium, magnesium and aluminium have the formulae 

NaoO, MgO, Al^O:,,* 

and therefore contain twice as many metallic atoms for the sa.me 
ntiraber of non-metallic atoms as dotthe chloride, 

NaCl, MgCIj, AICI3. 
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Many substances wlifeih' have less strongly' marked non-metallu 
prdperti^H thftn* oxygen and chloripc ajipcav to ♦possess both 2 )ositik 
arM negative valencksi ' Sniphiir, for in.stance, in joining witl 
ip^tals to form “ sulphides,” behaves as a non-metal with negative 
valency 2 ; thus sodium sulphide has the eomposition NagS 
Sulphur also, however, combines with the typical non-metal 
oxygen, and in sulphur trioxide, SO 3 , appears to exert a positive 
valency of (i. * ^ 

A simple explanation ed positive a net negative valency ♦Mil 
shortly be suggested. ♦ 

The Periodic System. If mc uTite out the elements in the 
order of their ateMuic weights, commencing with hydrogen ane 
ending with uranium, it is found that permdically we meet with i 
sequence of elements having properties Mhieh show striking simi 
larity — both chemical and physical — to those of elements that have 
gone befeu’e. ^ 

Feir instance, six (im(‘s in th(‘ eamrse of the elcmemts'.do mc come 
upon (xu’taiu inert gasc-s, having apparemtly no powe'r of comfiinatioi 
M’ith other substanc(‘s ; in otheu* Mords, substance's of ze'rv val(‘nc< 
In five cases the incit gase^s arc folhnve'd by highly re'active sul>- 
stances Mhieh ])ossess a metallic appe'arancc, but which reaeh wilt 
Avater with great violence and yield solutions having alkaline ])ro 
perties ; each of these " alkeUi-wetals has a positive vak'ncy'oi 
one. In four cases, the inert gases are prece'eleel by typical non- 
metals, M'hich react M'ith metals Mith violence forming stable 
crystalline salts ; tljc.se non-metals, M'hi<*h arc called halogens 
have a negativ(‘ valt'ncy of one. 

Innumerable forms of the '"periodic arrangement” of the 
elements have been suggc'steal Mhieh lay ('inphasis ujjon the ditferent 
regularities in elilTereiit Mays, 'the tabk' givcji belou^ is considere'd 
to be the most convenient, for the purposes of this book.^ Tin, 
elerae'iits arc arrange'd exaedly in the order of tlu'ir atomic Mcights 
except that 

(1) Argon (8U-n) is pknaal Indore Potassium (Utl-lO). 

(i) Cobalt {5S-i)7) is placcel before Nickel (oHdtS). 

(3) Tellurium (I27'r>) is placed before Iodine (12()'32). 

The whole numbers ])laced above the symbol simply indicate 
the order in Avhieh the elements stand in the table. These atomic 


Founded mainly on an aiTungoinent given by James Walker in his- 
" Introduetion to Pliysieul (.’hemi.stry ” (Maernillan). tt is somewhat similai 
to<tl»e forms siigge.sted by f. \). Margary, Phil. Mag. 42 (1921), 287, and bj 
Fan^th, Ber. 53 (1920), 1713. Attention is called to the spiral moc!eb 
aevised to show the periodicity of the^elements by W. D. Harkins and R. F. 
Hall, J. Amer. Chem. >S'oc. ,38 (1916),, 169. * 
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numbefs,^ as they are called, are nov c^)nRidcred 1k) be of evei 

.Ijiorc fundamental imj^ortance tlfan the atomic^ \Veig}y:s. ^itl 
the three exceptions just gi^en^ the ato^jc number of an elen^en 
represents the position*of that clement in th*e order of -the atoryii 
weights. For^tho cfements between helium and chlorine ffci 
atomic number is roughly equal to half the atomic weight. ^ Thu 
carbon with a^,omic weight ]2'0 stands sixth ^inong the element 
in the order of atomic weights ; that is, its atomic number is six. 
, hydrogen, the lightest of all the elements, is shown by sonr 
chemists as falling m Group VI Ib, and by others as falling in Grou] 
Ia. It has, indeed, certain properties in iommon with the element 
of each group. In the table given below, it is omitted altogether 
the series commencing with helium. 

It will be noticed that several gaps hav(‘ been left in the tables 
some, at least, represent elements which are still undiscovered 
Indeed, when the pcaiodic arrangement was first proposed, the thrc' 
elements scandium, galliunt and germanium were still uiyvnowu 
and in th(‘ earlier forms of the table gaps were left at these point 
^also. It was ])redided, howt'ver, that new metals would be dis 
covereePto fill the gaps, and Meiuhdeelf in 1871 evTii •ventured— 
after considc'iatio)! of the properties of the elements around tlr 
gaps -^) prophesy the characteristics of the then undiscovere( 
elements. When- -la ter— the three elements were discovered, i 
was fourul that their properties had been foretold with consider 
able accuracy. 

Tlu' vertical columns of th<' tabk' dividi' I h(‘ elements into sixteei 
natural groups, known as ; — 

Group (.) ; 

Groups I\, 11 a, IIIa, 1V^\, Va, VIa, VI 1 a : 

TIk# ^li’ansition Grouj) of Elements ” (sometimes callec 
Grouj) VTll) ; 

Groups Ib, 11b, II 1 b, IVb, Vb, VI b, and VI 1 b. 

All the cleimaits wlycdi fall into a single group ha\'e a mos 
]’emarkabl(‘ similarity of chemical and physical pro])ertics. It i 
noticed, howc\cr, that within a. group the properties as a who! 
vaiy slightly and gradually as the atomic weight rises. A «imila 
gradual chaiig(‘ of ])ro])erties is noticed as w(‘ go along a horizonta 
row, or “ series,” from left to right. 

1 H. a. J. Moseley, Phil. Mag. 26 (lOlit), 1024; 27 (1914), 703. H. S 

Allen, Trans. (Uu’m. ^oc. 113 {1918), 389. • 

2 A inoro oxact nonnectiou botwocn atomic number and atomic ^eigl 
oxtonding also to tlio heavier elements is suggested by W, I). Harkins an 

•E. D. Wilson, J. Anier. Chem. Sor. 37 HOloj, 1307, 1383. W. D. J^ilrkins 
J, Ampr. Chem. Sor. 39 (1917), 850. 1*. G. Durrant,*J. Amer. ^hem. ^ot 
39 ( 1917 )^ 621 . • ^ 
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The numbers below the symbol for encl^^ efement represent the 
wlcncy usually (?x^rte4 by the element in qucj^tjpij. U will* be 
noticed that the maximum ^o^tive vakijcj^ of metallic elements 
frequently corresponds ^o the Roman number at the head of the 
group, althougl^in the base of the highest numbers (V, VI and Ylt) 
the valency does not always reach the maximum value. 

The elements which display non-mctallic cjaaracters— that is, 
clenients capable of exerting a negative valency— lie close together 
at, t]ie right-hand siHe of the table. Those which will be treated 
as non-metals in this book, are separated from the others by a 
broken line. The negative valency, which»appears to be a constant 
number, is always equal to 8—??., where ii is the number of the 
group ; thus the negative valency of the halogens in Group VIIb 
is —1, whilst that of the elements of Group VIb is —2. 

The Structure of the Atom. The periodic arrangement of 
the elements suggests that they are not tlie ultimate components 
of matter, but that the atoms of so-called elementary substances 
are themselVes l)uilt iqi on some ordered })]an from even simpler 
jjiaterial. During the present century, })hysieists have obtained 
a considA'able insight into the internal structure of the •atom. It 
is generally believed that an atom consists of a small nucleus sui’- 
j'ounded J)y electrons,^ the number of electrons being equal to the 
iitomic number of the element ; thus an atom of hydrogen has one 
electron that of hehum two electrons, that of lithium three electrons, 
and so on. '^l.lie sizes of the electrons and of the nucleus are both 
extremely small ; in the ease of hydrog(m and helium, the nucleus 
is probably the smaller of the two. An electron has probably 
a radius of about 2 x cm., whicli is about 1/50,000 of the 
radius of the helium atom. 8ince the atom as a Avhole is elec- 
trically nojutrak* we must imagine that tlu' nucleus, if deprived of its 
electrons, would have a “ net ” positive charge e((ual to that of N 
^'lectrons, where N is the atomic number ; recent work would seem 
to indicate that the nuclejis of man y atoms also contains electrons, 

Some authorities, notably Rohr, declare that the non-nuclear 
electrons move cojitimiously in orbits which ai’c approximately 
elliptical or circular. ^ Others, like Langmuir, consider the /\iean 
positions of the electrons as more or less fixed, the electrons being 
distributed about the nucleus in a number of spherical layers ^ ; 

1 Sir E. Rutherford, Phil Mag. 21 (1911), 6C9 ; 27 (1914), 488. 

* N. Bohr, Phil Mag. 26 (1913), 1, 476, 857. Nature, 107 (1921), 104, 
Zeitsch. Phys. 9 (1922), 1. Compare L. Vegard, Phil Mag. 35 (1918), ^93. 

® G. N. Lewis, Anier. Chmi. Soe. 38 (1916), 762. 1. Langmuir, J. Amer. 

Chetn. Soc. 41 (1919), 868. The last-mentioned paper is very helpful, ^nd 
the reader is strongly recommended to consult it, and also that of Sii^O. J. 
Thomson, Phil Mag. 41 (1921), 510. , Recent work by W. L, Bragg, R. W. 
James and H. Bosanquei, ibid., 44 (1922), 433 seems to indicate that the 
Lewis-Langmuir model of the atom &!) least reqilires modification. 
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this view, ro snoiud 14^ ifnderstood, does not preclude *a certain 
amount cof ro^olption or osciriation of the electrons about thfU’ 
mean positions. *Th\e (inst tlieory is 'supported by most physicists, 
^ it offers an* explanation of certain remarkable facts regarding 
gaseous spectra ; it is now being devcloped'to expl^iin the chemical 
properties of the different elements. The second theory, however, 
has the support most chemists, since it appt^ari^^to give a more 
direct and simple explanation of tiho facts of chemistry, particil^arly 
the valency of the elements, and the regularities expressed i|\ the 
periodic table ; at the same time, it seems pqssible that it may be 
developed in such a waf as to explain the facts concerning spectra 
also.^ Very likely the two views are not so inconsistent with 
one another as is sometimes supposed. ^ Probably the facts which 
are of importance to the student of metals could b(^ explained e(jually 
satisfactorily on either theory ; ])ut it will be easi(‘r for the reader to 
obtain a mental picture of the mechanism of chemical combination if 
weaebpt provisionally Langmuir’s c(mceptio!i of an atom with elec- 
trons arranged in conijiaratively fixed ])ositi()iis on spherical sliells. 

'the nucleus and the inner electrons have* c()m])arativ(‘ly lit1j(‘ 
interest fV)r the cliemist. The nucleus is thought to b(‘ fesponsible 
for practically the whole mass of the atom ; whilst in the radio- 
active elements it apiiears to be the seat of radioactive changt^ • 
The inner layers or inner rings of electrons are active in caui^jn^ 
the emission of the so-called “ X-rays ” wlien the substance is 
bombarded by cathode-ray particles ; indeed, we owe our know- 
ledge of the inner electrons mainly to this fact, d’hey appear to 
contribute very little to the chemical behaviour of the atom. 

It is, however, the electrons of the ou/er layer or outer ring (the 
so-called “ valency electrons ”) whieli ar(‘ responsible for chemical 
combination between the atoms and which determ*ine the chemical 
character of different substances. It is believed that when a metal 
(possessing positive valency) combines with a non-metal (a sub- 
stance possessing negative valency) the metallic atom gives up 
some (frequently all) of the vahmey electrons from its outer layer ; 
the electrons given up pass to the non-metallic atom, and rendci’ 
(’orffplete the outer layer of electrons in the latter. {Sin(;e, however, 
the metallic atom is left positively charged, there is still an electro- 
static force holding the electrons to it, and this force serves to bind 
the two atoms together. A clear notion of positive and negative 
valency is thus arrived at ; po.sitive valency consists in the power 
to give up electrons, and negative valency in the power to absorb 
tljem. It is possible, therefore, to express the mode of combination 

• * 

^ See I. Langmuir, Phy^^. Rev, 18 (1921), 104. 

^ N. K. Cam^^bell, Nature, 106 ^1920), 408. « 
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of the clilorides and oxides of sodium, ntag*esium, anfl alumiiiiuin 

iA this way : — * ' 

/('i 

Na-^Cl . Cl<-Mg->C1 

• \ci 

Na— >0^.-I^ii MgZ^O OtlAl r>0<- -Alz:0 

'LIic arrow indicates the dircctfcii in wliicli an electron lias passocl, 
and* denotes the electrostatic force linking the atoms together. 

That the charges«npon the metallic and non-metallic atoms in 
the com]ioimds luentioned have a real existence is shown in “ elec- 
trolysis.” If sodium tihloride be fused, and an E.M.F. be applied 
to two poles, or electrodes, immersed in it, sodium travels to the 
negatives ])ol(‘, liy virtue of the positivi' charge and appears as 
metallic sodium, A\hilst chlorine gas is evolved at the ])ositive 
('lectrode ; a similar deeom]^)sition is brought aliout if a solution 
of sodium (^liloridc in watia* is used, but here secondary reactions 
complicate the result. 

• If th(‘ N’imv of atomic structure suggested abov(‘ is considered 
along with the periodic tabl(\ a reason suggests itself for tlTe different 
valencies of the various elements.^ 

* The ii^'i’t gas(‘s of tlu*. (Irouj) 0 have a valency nil ; pix'sumably 
•iw their atoms the outer layer of eh'ctrons is complete, stable and 
self-sullii ing. When, howevia*, we pass back to the group of 
elements that immediately precede them, thi^ halogens, there is 
evid(Mitly one less (dectron in the outer lay<'r. If such an atom, 
therefore, absorbs one (‘leefron from outside, we may e.vpect the 
outer laym- to become stable ; the halogmis, in consequence, have 
a negative valency of one. A ehlorini' atom which has absorbed 
an extra Tlectfon bei'omi's identical with th(‘ argon atom as far as 
^the out(T layer is concerned. It ditfers from the argon atom, of 
course, as legaicls the nuchms ; the ehlorim* atom has a nucleus 
with a smaller [lositive etiarge, so that' when tlu' one extra electron 
has l)een absorbed, the atom ])ossesses, as a vhole, a negative 
(diarg(‘, Nevertheless th(^ charged cldorim' atom or ian possesses 
The saimv sort of stability as the argon atom ; it may be said to 
belong to the “ inert-gas type.’* 

^Similarly, the elements of Croup VIb (oxygen, sulphur, selenium 
and tellurium) require two extra electrons in the outer layer to 
attain to the ineiT gas type ; these* elements Iftivo a negative valency 
of two. The elements of Croup Vb have a negative vakficy of 
tjiree ; but in this group the power to absorb electrons begjjn} to 

1 1. Lan^ruiir, J, Anirr. Chem. Sog. 41 (1919), 898, la43. »Sec W.C«. 
Bragg, J. Tioc. Chem. Intt. 39 (1920), 335r.^ 
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weaken, an^i with i't iihe *’non- metallic character of the ^elements. 

•If we foass n^w^to Group Ia, Vhicli consists oi elements posscssi/ig 
owe more clectroli thaji the inert '’gases, it fe evident that this one 
electron constitutes an “ extra ” or “ valency electron ” outside 
the stable layer. If this electron can be passed on io another atom, 
the “ inert type ” is left. The alkali metals have therefore a 
positive valency «f one. ^ 

In Group IIa a second valency*cleetron is added, and we hitve a 
positive valency of two ; similarly the succeeding groups IITa,*1Va, 
Va, VIa and VIIa have three, four, five, f^x, or seven valency 
electrons, and the raaxirtmm valency is 3, 4, 5, 6 and 7 respectively. 
As the number of valency electrons grows, however, it is note- 
worthy that the maximum valency is not always exerted. Man- 
ganese, for instance, is capable of parting w ith seven valency elec- 
trons, but this leaves the atom mth a very strong positive charge, 
and it recpiires considerable energy t() remove the last few^ electrons. 
Compounds like Mn.,!)-, in which manganese has a valency of seven, 
are, as a result, distinctly unstable. Metals of Groups VIa, VIIa, 
and the tramltion ekmentn tend, rather, to form compounds 
which tint metals exert a valency of two or three ; this is especially 
noticed in the iransUion elements^ in which the full valency (S, 0 
or 10) is very rarely reached, r • 

When we come to Group 1b, a ikwv state of alfairs is met wiMft 
These metals should have eleven valem^y electrons, but, of thes(‘, 
ten appear to form a “ semi-stable ” layer by themselves, and the 
metals possess a valency of om*, forming compounds of the typ(^ 
CuCl, AgCl, AuCl. The valency is, however, not invariable, as is the 
case in Group Ia ; copper, for instance, is also divalent, forming 
a second chloride, CuCL- T'he valency of the metals of the follow'- 
ing Groups 11b, IIIb and IVb is generally 2, 3, and 4 respectively, 
but here again it is often variable. When w'(^ reach Group Vb, wo 
see indications of a positive valency of 5, although the elements 
more commonly exert a valency of 3.e At this ])oint; (‘lements 
commence to absorb (‘lectrons so as to attain to the ‘‘ ty])e ” of the 
next inert gas ; consecjuently non-metallic (*haracteristics begin 
to a])pear, which, as stated above, are still more marked, in Groups 
VIb and VIIb. 

Types of Chemical Combination J 

I. Polar Compounds. In all the compounds considered so 
far* t^e force joining the atom is apparently electrical. An clec- 

^fjf. N. Lewis, y. Amcr. Che^'. Soc. 35 (1913), 1448. S. H. C. Briggs, 
Trans.MJhem. Soc. Ill (1917), 253. See csppcially Sir J, J. Thomson, 
Phil. Mag. 27 (1914), 758. « • 
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iron passes from one atom to another, aftd ^he attraetTon between 
tltp two oppositely •ell afged j^tc^jns* holds them ^’u^other* Wli^ii 
an atom of sodium, poil^|ssing one elcctroft ili excess of the iiumlAu’ 
needed for complete stability, joins to an atom of ©hlorine, whicj\ 
possesses one edeetron too few, both atoms assume the stable 
“ inert ” type, and the resultant compound, Na — >C1, is very 
stable. “ The linkage ” may here be employed with suecess, 

II. Non-polar Compounds. * Whilst the passage of an electron 
readfly explains the union of dissimilar elements, it fails to give 
a satisfactory inter^^retation of the uni^n of like atoms. Yet 
atoms of the same kind rt^adily unite. The gaseous elements, 
such as hydrogen, oxygen, nitrogen and chlorii^e are believed to 
consist, not of single atoms, fuit of closely joined pairs of atoms. 
It has been suggested that the two atoms share a ])air of electrons ^ ; 
one author, 2 referring to the constitution of hydrogen, gives a 
picture of two electrons moving in a single circular orbit around 
the line joining the nuclei of the two atoms. * 

It is, however, quite possible that forces between two atoms of 
the same ^ind are magnetic in character.^ If the electrons move 
rapidly in circular orbits, as is assumed in most theories, tlie 
effect is the same as that of an electric current passing round a 
circulaj’ l!iop of wire. When a current passes in the same direction 
tTifough two loops of wire the loops will attract each other ; 
similarly 1 wo atoms containing electrons moving round orbits 
in the same direction will attract one another, ilie combination 
of tw^o hydrogen atoms to form a molecule ” has been elucidated 
in this manner. 

Similar ideas have been introduced to explain the linkage of 
carbon atoms in organu; compounds. Carbon falls in a peculiar 
positioii in the periodic tabic. It occuj)it\s a place half-way between 
^wo inert gases (Helium and Neon). Its positive valency and its 
negative valency should both be equal to four, and its capacity 
to give up or to absorb* electrons should presumably be about 
equal. Possibly this is why carbon atoms have a unique power 
of joining, one to another, to form rings, or long chains, of great 
stability. •It has been suggested that two carbon atoms joined 

^ J. Stark, Jahrbuch Jiadioakt. Elekt. 5 (1908), 124. See also H. Teudt, 
Zeitsch. Anorg. Chem. 106 (1919), 189. 

“ N. Bohr, Phil. Mag. 26 (1013), 857. Compare W. A. Noyes, J. Amer. 
Chem. »S'oc. 39 (1917), 881. ^ 

® The reader is rocoinnieiidod to refer to a paper by A. L. Parson, Smithfpn. 
Misc. Coll. 65 (1915), No. 11. A paper by Sir W. Ramsay, Proc, Rh§. Soc. 
92 (A) (1916), 451, may also be profitably consulted, although his views ^ 
iu(*Dnsistent with otliers quoted in this voli^e. Parson’s views are als^not 
easy to reconcile with the accepted nuejenr tlieory of the at!om, but ai».f nevei* 
theless wortl^a careful study. 
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together shAre a jjair fi dectrons,^ or perliaps exehaiigt? a pair of 
eloctroni#». T<h«* tj.lternative iiiferpretatioiif thai '’the cai’bon ato^lis 
iiira ehain are held togi ther by magnetic fpl^cs set up by electrons 
moving in circular paths is, perliaps, equally acceptable .2 
Whatever view is adopted, the carbon' atom #appears almost 
invariably to possess four bonds, through which it can unite witli 
four surrounding wtoms, and these bonds are u^sually non-polar in 
character. Structural formulae 4uich as (a) (unploying arVow'- 
linkages do not correspond to tla^ properties of the carbon ti;oni- 
pounds ; it is best to denote the bonds aroipid carbon atoms by 
jilain lin(‘s, as in (h) 

H H H H 

t i 

{a) H<- C->(V H (/>) K (' C- H 

t t 

tl H * HR 

c 

in. Molecular Compounds. Even when two or more atoms 
have united by polar bonds to form a compound in wliich the niax;.- 
mum vah-ncy is exerted, their ])owe?- of combination is liot neces- 
sarily exhausted.^ Coirsider, for instance, a sodium and chlorim* 
atom in clos(‘ union, the former bearitrg a positive chuge. th# 
latter a negative charge; we may term the pair a " inohnilvi •’ 
of sodium chloride. The force exerted by one such molecule, A, 
upon another similar molecule, B, is, at any great distance, very 
small ; for any force exerted by the ])ositivcly ('barged sodium 
atom in A is roughly compensated by the opjiosite force exerted 
l)y the negatively charged chlorint*. if, however, the sc'cond moie- 
cide, H, ajiproaches so mair to A that the distance between th(‘ two 
atoms within each molecule is no longer insigniKcant« compari'd 
to the distance sej)aratijig the molecules, th(' force betwTon the 
molecules becomes appreciable. »Should the molecules ap[)]’oacli 
in the way shown bdow', the distance' seoarating th(‘ unlike atoms 
of A and B being less than that separating the like* atoms, the 
attraction will exceed the re'pulsion 



1 Sir J. J. Thomson, Phil. Mag. 27 (1914), 784, See also W. D. Harkins 
and H, H. King, J. Aimr. Chtm. Soc. 41 (1919), p. 970, with sjiecial referonco 
to th* footnote. 

2 A. E. Lacombl6, Vhein. WtMUtd. 16 (1919), 832. 

^ Sir J. J. Thomson, Phil. Maa. 27 (1914), 758. 1. Langmuir, J. Aimr. 

ahem, khc, 38 (19fd), 2221. W. 1 ). He^rkins and H. H. King, J. Atner. Chem. 
Soc. 41 (1919), 970. »Seo also J. »Stark, Jahrhuch Hudioakl. KlekU3 (1908), 135. 
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In sucJi a case there will be a rcsultanf attractive foTce between 
tlTti two molecules. • Thf IS it^lu^pens that grou{)» akinis, «in 
which the ordinary val(ti|(jy is apparently fuMy .exerted, may never- 
theless cluster togethei* owing to these intermolecula* forces. Clus*- 
tering of that kind is responsible for the condensation of gases to 
form liquids^ and solids ; the intermolecular forces are in such 
cases represent^ i)y the so-called “ physical fcTces ” of cohesion 
and*surface tension^ There is,* however, no sharp distinction 
between physical and chemical forces and the attraction between 
apparently stable ii^ilecules leads also to unexpected (duunical 
combination between substances which knight widl ha^'e been 
regarded as inert. As has already been pointexi out thi' admix tiv'c 
of chloroform and ether hxuls to a considcu-alile rise of temperature*, 
which points to chemical interaction bed ween the substanc(‘s. Jn 
this instance, a delinite compound, ({^lij) oOTHCl.i, has been 
isolated in the solid stat. ^y cooling the mixture*. Numerous 
other (>xam}j^es of molecular compounds are known. • 

Importance of Spatial Considerations in determining the 
R)ssibil4y of the Existence of Compounds. The formation 
of molecular compounds- like the formation of liquids anei solids - 
is mainly confined to low' temperatures ; at low tenqicratures the 
Tliermal ef^itation of the molecules is least, and consequently the 
m^lecuk s are less likely to be sw'cpt away from (*ach other to dis- 
tanca*s at which intermolecular forces c(*ase to operate. 

In the solid state, in fact, the tliei’inal agitation is so slight that 
comparatively small forces between atoms are sufficient to hold 
tliem tog(!ther. It seems likely that there would be no limit to 
the number of compounds which could exist in the solid state, if it 
wei’i* not for another factor wliich here comes into ])lay ; the 
possibility of existence of any delinite^ compound must di^pend 
ypon wdicther the relative sizes of tin* atoms ]K*rmit of them to lie 
packed together in such a way as to jiroduee a stable crystal struc- 
ture. The chemistry of* solid conqiounds is therefore rathei’ a 
matt(‘r of geometry than of dynamics.^ 

1'here occur, for instance, among the constituents of alloys, 
solid intefmetallic compounds,- such asNaHgo, AuMg ., AinAIg^, 
AuMgg, the composition of which has no relation to the valency of 
either metals. Except in certain intermetallic compounds con- 
taining arsenic, antimony and bismuth, such as As^Feg, K^Bi, SbCug 
(in which arsenic, antimony, and bismuth rtjally behave as i)^n- 
metals and exert their normal negative valency of three), tift? law 

' Compare R. B. Sosinan, J. Ind. Eiig.^^hem, 8 (1911^, 989. 

^ A general account of these bodiei is given by C. 11. Desch Intef- 
motallio Con^)onmls ” (Loi^^mans, Green & C^.). 
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of valency Appears to *^v% no assistance in detenuining whether a 
ccftupouftd otafgwen formula is c^pa^ble of'exirfuence or not. Why, 
te instance, cai/ AuMfea^^n^l AuMga exlslr/and not Aii^Mg ? No 
^efinito answer can be given at present, bujj it is probable that the 
explanation, when available, will be concerned Iflrgely with the 
relative sizes of the magnesium and gold atoms. 

Solid substanc(!s crystallizing from solution* gfinerally possess 
the composition demanded by thb laws of vajency simply because^ 
they could not otherwise have existed in the solution. Neverthe- 
less the crystals produced frequently contair a large proportion 
of solvent (“ water of Crystallization,” for instance) which plays 
an essential part in the crystal structure.^ And, if the solution 
contains two salts, they may combine to produce a crystalline 
double salt of very stable character, the existence of which would 
be difficult to account for on the sim])le electronic theory of valency. 
V good example is carnallite, KCl^MgCl 2-611 ^0. 

Spatial considerations enter largely into one im)y)rtant class 
of compounds which can exist not only in the solid state but also 
in solution. The atom of each of the “Transition 'Elements 
(iron, cobalt, nickel, etc.) possesses a peculiar power of attracting 
six atoms or atomic groups (for instance, NHg) into very close 
union with itself. Apparently the six atoms or atomlb group.? 
form a very stable ring or shell round the metallic atom. IXih 
formation of the “ group of .six ” does not interfere with the exercise 
of ordinary polar valency. The metal will still, for instance, com- 
bine with three atoms of chlorine, but, if any of tlicse three chlorine 
atoms form part of the group of six, they are much more closely 
bound to the metal than i.s the chlorine of sodium chloride. Cobalt, 
chloride fonns the following compounds with ammonia (NHy) 

CoCla.GNHa C0CI3.5NH, C0CC.4NH., C0CI3.3NH,. 


These are generally expressed in such a way as to show the group 
of six jntimately joined members within a^'sqiiare bracket, thus ^ ; — 


- - 

r (NHaln 

r (nh3)4't 

r (NH,),-. 

Cq(NH3)« Cl 

3 Co Cl 

, Co Cl 

Co 


L Cl J 

L Cl. J 

L ' Cl, J 


Of the four compounds, the first resembles sodium chloride in 
that all the chlorine can easily be .separated by means of reagents, 
such as silver nitrat^^ ; in the second, two-thirds of the chlorine 
caft- be removed by silver nitrate or by acids at low temperatures, 
but the remaining chlorine atom— which forms part of the stable 

L. Regard anfl Schjeldenip,^ Phya. 54 (1917), 140. L. Vegard, 
Ann. Phys. 63 (1920), 763. ‘ .. « 

2 A ±t\ /iQn7\ ir. 
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“^roup of six is^only rendered reactive*by^)oiIing the*solution, an 
o^Tation whicii breaks ftp thy \^ole compound, j’fh^ thfrd com- 
pound has only one-th^fd of the chlorine* iif a readily active con- 
dition. SoIuti{ms of tlip last compound -in wliich all the chlorin^ 
is believed to f(^‘m ])art of the “ group of six ”• -should, properly 
speaking, show none of tlie reactions of a chk)ride ; this is not quite 
true because it.* is •in part broken up by waterT but the general 
cheuTical behaviour oi the compoiiiid, which is very inert, supports 
the view that the wliole of the chlorine is required for the formation 
of tljc c (implex. • 

Six is said to be the “ co-ordination number ” of these com- 
pounds. The formation of the stable group or ring is possibly 
connected with the low atomic, volume of the “ transition elements” ; 
the groups probably cojne close enough to the nucleus to be at- 
tra<;ted by the positive charge upon it. The metals which lie, 
in the Periodic Table, on Ati^vr side of the transition elements, 
chroiniuin, ccyppc'r and the like, have also fairly low atomic voliflnes ; 
th(‘S(^ uudals form similar comj)ounds, in which the co-ordination 
lumber ot^six appears. Tlu^ co-ordination number thus seems to 
1)(‘ inde]K'nd(mt of the polar valency of the metal, and of the general 
charact er of the atoms attracted ; it is probably determined by the 
gcometrii lill arrangement of atoms around the metal. It is thought 
that the;^ are arranged at the six corners of an octahedron, at the 
(jcntre of \/hich is the metallic atom. 

Compounds with co-ordination numbers of four and eight have 
also been described ; th(‘y arc less stable than those having a co- 
ordination number of six. 


D 
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III. The States of Mattek 

All substances (*xisi in the gaseous state at very high tempera- 
tures, and in the crystalline (solid) state at very low temperatures ; 
at intermediate temperatures, a liquid state is generally capable of 
existence, whilst it is often possible to produce a glassy or amor- 
phous solid state by cooling a liquid very quickly. The glassy 
(;onditiun, although {tenferring the rigidity of crystalline solids, 
lias |)robably a closer connection with the liquid state. The different 
states of matt(‘r can now be studied in detail. 

The Gaseous State. The two most striking properties of the 
gases are ; firstly, their extreme lightness ; secondly, their com- 
pressibility and power of expansioin The smallest quantity of gas 
will^ll com])letely tlu* wholi* volume of any vessel into which it is 
introduc(?d ; but, if pressure be applied to it, the volume will 
decrease. To a first approximation, the volume is inversely p^’o- 
portionai to the pressure apjdied to it. Gases expand considerably 
when heated, the volume being a})proximat(^ly proportional to the 
“ absolute temperatunv" \V(‘ can express these approxbnate la-.s 
by the equation i. 

pv 

where P is th(‘ j)ressure 

V is the volume of the gas 
T th(‘ "absolute tiunperature " ' 
and 11 a constant. 

The ])ro])erties of gases an‘ satisfactorily explainc d by i lie so-called 
“ kinetic theory.’’ According t(» that theory, gases consist of 
minute molecules ” separated from each other by distances whiMi 
are very large compan;d to the diameters of the molecules them- 
selves ; thes(‘ molecules are in a condition of rapid motion (“ thermal 
agitation ”), which becomes great(T as the temperature becomes 
hi^er. The motion of the molecules accounts for tlv^ expansion 
of a small amount of gas to fill any vessel into which it is introduced, 
whilst the bombardment of the sides of the vessel by the molecules, 
which rebound after impact, represents tlie pressure exerted by 
the gas. I 

‘Ah ^ result of the rapid movement, two molecules will often 
qollide together ; normally they will rebound away from each other 

^ Vhe “absolute ternjMM-ature , is obtained approximately by adding 
27.3° to the temperature Centigrade .scales " absolute zoh) ” is ---273° C. 
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almost iiilmediately. Occasionally , ^ ho^^evtr (cspecisflly if the 
teftjperaturc be low'jwid Utie velocity %)f the moleeifl«e <;orr«spoiKK 
ingly small), two eollidiiii? molecules may Tediajn in proximity for 
an appreciable tim(‘, and in some eases attraetive forces may cause 
more or less peniKinent union between them. 

Tn the case of the alkali metals, which become gaseous at high 


temperatures, th^ nqplecules consist of single atom.f ; such gases are 
highly reactive. In non-metals- ^uch as oxygen, hydrogen and 
nitrogen- which are gaseous at ordinary temperatures, the molecule 
consists of a pair of atc^ms, bound together presumably by non-polar 
linkage ; these gases are, therefore, usua% written Ho, N.,. 
Such gases show comjiaratively little chemical activity— a (ur- 
cumstancc which is in part due to the fact that eai'h of the molecules 
consists of a pair of atoms. For instanc(‘, oxygen and hydrogen 
(tan exist together at ordinary temperatur(‘s indelinitely without 
combining, although, if the mixture is heated, combination occurs 
with great viojence, water va])our (H.^) iKung produced. IVmim- 
ably the morecuk^ which is so stable at oi*dinary temperatures 
becomes less stable as the temperature is rais(‘d. 

Where it*is possibk' to obtain oxygen, hydrogen, or nitfogen in 
the state of single atoms, they are highly reactive bodies ; for 
imtance, (^y:ygen and hydrogen gast‘s at the moment of liberation 
display unusual activity, and are nderred to as nascent oxygen ” 
and nascent hydrogen.'’ 

T\w molecules of compound substances in the gaseous state can 
now be considered. Sodium chloride jiasses into a state of vapour 
at high temperatures and (‘ach molt'cuk* appi'ars to consist of a 
single sodium atom joiiu'd to a single chlorine atom, thus 


Nad. 


Oy the otlnr hand, the moleeuU^s of aluminium (‘hloride, in the 
vapour stat(', have not, at temp(‘ratures bdow 400 , the simplest 
formula AlCl.,. Somci eonsTst of a jiair ol simple molecules held 
together by int('rmolccular foixrs ; such double molecules can 
be written 

AUC1«. 

At higher temperatures the proportion of simjile AlCb, molecules 
increases, and above 750“ practically all the molt'cules are of this 
simpler character.^ 

Owing to the ciJinparatively great distance separating one mgle^ 
oule from the next in the gaseous state, the term “ molecule ” hai| 

• • • 

^ L. F. Nilsoii and O. Pelteraoii, ZedUich. Phys. Chem. 1 (1887), 459; 
(1889), 2015, • • 
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a very delinite lueaAing in the ease of gases— a meaning which 
hecom('s somewhat shadowy in hqvkls alid solids. / 

' It is only jxissihle’td refer briefly to Avagadro’s Hypothesis, 
'although our' choice of consistent atomic weights for the elements, 
as well as all our knowledge of the complexity ♦)£ gases, is based 
upon it. The hypothesis states that “equal volumes of gases — 
at cqiTespf)iidiifg temperatures and ])ressures,- contain equal 
numbers of molecules.” It follows that tl^ie molecular vs^ight 
of a substance- the weight of a single molecule referred to a 
hydrogen atom as unity -is pro])ortional the density of the 
gas, the weight of uniUvolume. 'I’he densities of gaseous substanc(‘s 
can be found ex])erimentally, and can conveniently be expressed 
as multipl(\s of the density of hydrogen. The molecular weight 
of hydrogen (H.J is approximately 2, and the approximate molecular 
weights of other substances can therefore he obtained by doubling 
th(‘ density number. It is by detiuyninations of vajxnir density ” 
that we know that the molecuh^ of gaseous sodiqm chloride is 
NaCl, whilst that of aluminium chlorid(‘, below 400 \ is AlT-lg- 
The , Liquid State. Imagiiu' a qiiantily of gasepus sodftim 
chloride cooled slowly from a very liigh temperature. As the 
temperature drops, the moleemlar velocity becomes smaller ; 
accordingly, the chance of any two colliding molecule:^ remaining 
bound together by intermolecular forces for an appreciable tinu' 
increases. At first it may happen that two NaCl molecules merely 
remain in union for an instant, and part again before a third on(‘ 
comes up. But, as tlu^ temperatun^ falls farther, the clustering 
capacity of the molecules will increase*, and molecules will join up 
with one another more (piickly than they break away. The original 
group of two or three* m(4e*eMile*s may then incivase until it bece)mes a 
veritable* swarm. In otlier worels, Ihe^ gas begins to e'ondense to 
fe)rm elrops of liquid. 

In the* liepiid state* e*ach mol(*cule is se) near to its neighbour 
that it always keeps within tin* range eJf interme)lecular attraction ; 
conse*ejue*ntly liepiids are very much more elense than gases. More- 
over the comparatively small elistance between the molecules 
[•enders lk(uids almost incompressible. When a vessel filled with 
^as is cooled down until the gas is partially condensed, the swarm of 
mutually-bound molecules which forms the liquid occupies only 
i certain definite Volume, and consequently only fills the lowest 
part of the vessel which originally contained the gas. A sharp 
ooundary exists between the dense liquid below and the remainder 
)f the vaporous substance above, and it is the existence of, this 
}ha\*p boundary which is especially characteristic of liquids. For 
^he molecules at the su^-facc of a liquid ate in different‘vircumstances 
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to those of the interior. The latter^are, oirtiie average, equally 
atfsactcd in all direction#. Byt ^he surface niokyi:rtes cxj^ericnct" 
less attraction in one dirtJition — namely, across the surface- than i?i 
any other. The absence ^of forces acting upon the surface molecules*^ 
in a direction nc^mal to the surface is accompauied by a ])owerful 
attractive force acting between the molecules in a direction parallel 
to the surface ; consequently liquids behave as lliough they were 
enclosed by an elastic jnembrane, Vhich tends to contracl and thus 
to reduce the free surface of the li(pnd to a minimum. I'he surface 
area of a given volunic of liquid reaches a minimum if the liquid 
assumes a spherical sha])e, and the tend(mcj of mercury and other 
liquids to form spherical globules is the outcome of this contractik' 
force, w'hich is known as surface tension. 

Where two immiscibk* liquids coine into contact a similar 
contractile force is found at the interface, the magnitude of tlu' 
force depending on the char..c4‘r of both liquids ; this is known as 

interfacial, tension.” When two such liquids are shakeft up 
together, one liquid becomes dispersed in the other as globules, 
wliich possess an appro.ximately spherical form. In general, 
however, tlie small globules tend to unite together when they 
come into contact, tlie total area of contact between the two liquids 
li lng refliKcd by such union. Finally the liquids usually separate 
iiu( two layers. 

Althovigi) the velocity of the molecules in the liquid state is less 
than that of the gaseous mokoules, the agitation still continues, 
the molecules moving relativ(‘ly to one anotiu'r. Consecjuently a 
li([uid lacks rigidity, and will usually .subside under tlu* influence 
of gravity to assume^ tlie shape of the low’er part of any vessel 
into which it is poured, the shape being sometimes modified, 
especaally a? the edges of the free surface, by th(‘ forec' of surfacu' 
tension, mentioned above. tlu' temp(a’ature falls farther, 

however, and the molecular motion becomes less ra|)id, the rate 
at which the liquid changed its shape under fh(‘ iiifluence of forces 
such as gravity becomes smaller. The liquid acquires a '' treacly ” 
character and is said to ])os.sess a high ” viscosity.” 

’ kSince, in tlu* licpiid state, the mok‘cuk*s are practically contiguous, 
it may be dillicult to say preci.sely when* oiu* molecule ends and 
another begins. C'Onsequently, although tlu* (erm molecule ” 
can still be usefully employed in dealing with* the liquid state, it 
has not that exact nu'aning which it pos.se.ss(‘.s wlu'n* the gaseoij^ 
state is concerned. • 

Xhe Crystalline State. So long as ^he sodium chloride renmins 
liquid, the whole mass is without rigidity or d(^finite structuri' It 
would be reasonable to sftppose that there must be some definite 
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arrangement of the atoms throiigl^out the whole mass 
f?e jfQore 
remains .elevated, the 
f to one anothe'i’ creates too great a disturbance for the attainment of 
that stable arrangement. But, as the liquid cooi^, a temperature 
is reached (the “freezing-point”) at which the s^lt begins to 
“ crystallize ” at one or more points, and the crystedlization sj^reads 
out from these points until the udiolc mass i^’ solid. The substance 
has now acquired rigidity— it will retain its form evert after 
removal from the containing vessel. » 

If the crystalline substance is again heated, it “ melts,” returning 
to the liquid condition. In a pure substance, the “ melting-point ” 
should b(' identical with the true “freezing-point.” It is often 
possible to cool a molten substance below the true freezing-])oint 
without solidification commencing, but the mper-coolcd " licjuid 
is in a “ tnrtasfdbir " condition, aivl will (commence to crystallize* 
at once if a minute crystal of the solid substance ris added as a 
nucleus. The ' freezing-point ” or 
“ melting-point can be dejincd as i»he 
temjx*rature at which solid and liquid 
0/Va equilibrium. 

The remarkabh* application of iTie ^ 
.\-rays to the problems of crystal 
structure^ has actually led to the dis- 
covery of the probable arrangement of 
atoms in a crystal of sodium chloride. 
If we can imagine tin* crystal divided into minute cubes (the length 
of the side of each cid)c being 2*8 X 10‘^ems.), the centres of the 
sodium and chlorine atoms will be placed alternately at the corners 
of the cubes, as is shown in Fig. 6. Each sodium alom is equidistant 
fi’orri six chlorine atoms ; each chlorine atom is equidistant from 
six sodium atoms. Probably each sodium atom has lost an 
electron and is therefore positively charged, whilst each chlorine 
atom has gained an electron and is negatively charged. Any given 
atym is nearer to the “ unlike ” atoms which should attract it than 
to “ like ” atoms which would rejrel it ; yrrobably it^ is this last 
fact which accounts for the stability of the structun^^ At all 
events, the structure* is so stable that tlu^ crystalline salt possesses 
rigidity. This do(‘.s* not mean that all th(*rmal agitation has ceased 
the crystalline sfate. The* atoms cojdinue to move, but, so long 
• 

« > W. H. & W. L. Bra«g, Proc. Hoy. Hoc. 88 [A] 428 ; 89 [A] (1914), 

24%, 277, 4t»8. ^ sliort and .sitnple acconiit of w(jrk is given by W. H 
Bra||g, Trans. Chem. Hoc. 109 (J916), 2/52. 
a See W. L. Bragg, Phil Mag. 40 (1920), 483. »- 
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as the temperature is below the meltfngtpoiiit, theh’ range of 
ihpvement is lirnifc(d, and they mef-ely oscillate ^afeout the me.%n 
positions shown in Fig^fG ; the cry8tal-sti'u<?tnrc Is thus preserved 
in spite of the thermal movement, , • • 

'Fhe “ idcntitf of the molecule ” ^ may be said to vanish com* 
])letely when sodium chloride crystallizes. Each sodium atom is 
surrounded by /i>^ chlorine atoms; but no onc^of these appears 
to hftvc closer claims^to be regarcted as its special partner than any 
othe-. If the word ‘‘ molecule ” has any meaning at all, the whole 
(Tystal must })e r(‘g}^ded as a single molecule. It is true that a 
salt like sodium chloride represents an extreme example of the 
inapplicability of the term “ molecule " to the case of crystalline 
substances. Further work may prove (bat in sotm^ solid substanci's 
there exist groups of atoms which are specially closely relatc'd 
logether. There is already evidence that this may be traio of 
organic (*.ompounds, which it ^should be noted, an' in geneial much 
more “ compressible ” than inorgani(^ compounds - a fact which is 
no doubt connected with the presence of “ voids ” between the 
different molecules.^ The latest X ray investigations of the crystal- 
structure* of such organic compounds as naphtlialene certainly 
s<a'm to show that it is legitimate to employ the Avord molecule ” 
far the gioups of closely related atoms in solid ortjamc bodies ; but, 
i.: most inorganic com].)ounds, it is probably incorrect to speak of 
molcciiies ” as persisting in the solid state. 

The structure of sodium chloride sketched in Fig. 0 shows that 
the atoms are arranged in layers situated along parallel planes. It 
is not surprising to find that the (‘lystal breaks along these planes 
(“cleavage planes”) more easily than in other dire(*tions. If a 
large crystal of sodium chloihh' is broken uj) the pi('e('S will be 
found to be iKainfled by three planes at right aiigh's, and often 
approximate in shape to small cub(‘s. 

In fact, (U'ystals may be said to ditler from liquids a?Kl from 
glasses mainly in possessing “different proj)erties in dilTenmt 
directions ” ; tin* .systematic arrang('ment of tlu' atoms in crystals- 
as opposed to the chaotic arrangenu'nt in liquids and glasses- 
neadily accounts for this distinction. Some (ilas.se8 of crystal?! are 
found to have varying conductive powers for heat or for electricity, 
according to the direction in which they are t.(?sted. Very commonly 
the optical properti(‘s vary accoj’ding to the direction in which the 

light pa.sses through the cry.stals ; (a-casionalK \ tlu' crystal ap])ears 

> 

• 

^ A. H. Compton. ./. Franklin Intil. 185 (1918), 74.^. I. Tjiingmuir* J. 
Jfrmr. Ohem. For. 38 {191(>), 2221. t • 

^ Soe A. Roih, Zeitsrh. Fliy.i. 1 (W)20), 204. 

® Sir W. ft. Bragg, Prot. Phijs. Foe. 34 (1921), 33. 
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to have onei colour vvew.xi in one direction and a different colour 
wjien it js vi^w/^d in another direction. Ercn t>h'e chemical activity 
o^ crystals appears to < vary with'lthe dire^|ion ; a corrosive acid, 
acting upon a crystalline grain of metal, dissolves it more quickly 
in some directions than it does in otherli. The^ “ etching-pit ” 
produced has, therefore, an outline— often that of a cube or octahe- 
dron — which is ck\sely T'elated to the internal ajTa^igement of the 
atoms. ‘ • t 

One of the ?nost important peculiarities of" the crystalline t<tat(‘ 
is displayed by the fact that a freely growing crystal usually assumes 
a definite geometrical foi in. Freedom of growl-h is essential in order 
to obtain this form. If a quantity of sodium chloride is fused and 
allowed to solidify in a vt\ssel, the resultant crystalline iuass will 
obviously have the fonn of the containing vessel. If, however, 
a crystal of sodium chloride l)e grown from a<jueous solution, out of 
contact with the sides of the vessf'l or witli other crystals, it will 
be foqnd to have a cubic form ; and, when we recollect the arrange- 
ment of sodium and chlorine atoms in th(‘ cry.stals, the appearance 
of a cubical outline is by no means surprising. ^ 

Whilst rsodi uni chloride usually — although not always^ appears 
in cubes, other substances crystallize in othei* forms. In practically 
all cases, however, the arrangement of the plane faces tli^t bounj^ 
the crystals is not haphazard, but represents some definite rqje 
of symmetry. Faces may occur in pairs paralkfi to one another 
on opposit(‘ sides of the crystal (centro-symmetry). Or they may 
fall into pairs, on opposite sid(‘s of a “ plane of symmetry,” 
and making equal angles with it. Lastly, the fac(‘s may occur in 
sets of two, three, four, or six, symmetrically arranged around a 
diad, triad, tetrad, or hexad “axis of symmetry” and making 
equal angles with it. In any case, thv. sffmmdrlml oc^furrence of 
the faces is merely an outimrd -dyn of the systematic arranejemml 
of the atoms ihrouyhout the crystal. * 

According to the degree of symmetry i^iresent, crystals may lie 
divided into thirty-two classes, which are conveniently group(‘d 
into six main systems.’ U*’ly one class camsists of crystals devoid 
of aK symmetry. For purposes of reference th(‘ elmnents of sym- ‘ 
metry corresponding to the different classes is given in the table on 
page 42 ; but to those unacquainted with crystallography the table 
will convey but little, and consequently a fewv of the commoner forms 
of crystals — met witl] in the six system.s ar(‘ shown in Fig. 7. 
?he crystals shown in Fig. 7 are assumed to have grown under 

'‘TJhe symmetry of tho difEerei^t cla.ssos of cry.stal8 i.s well described ky 
E. HL Tuttonin ^lis “ Crystallography and Practical Cryntal Measurement ” 
(Macmillan). 
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•CUBIC SYSTEM. 




F. G. H, 

tetr/'gonal system. 



I. J. K. 

RHOMBIC SYSTEM. 



L. M. N. 

MONOCLINIC. TRICLINIC, 



p 0. R. 

HEXAGONAL- RHOMBOHEDRA L . 

F(o. 7. 


uifusually favoiiral)le coiiditions ; coh*eaponding laces arc jlTowy 
as equally developed. ,Tlic only exception is Fig. 7 e, which 





System. 

Anortlii 


Monoolinio 


Iflioinhic 


'I'etragoiml 


Cubic 


Hcxagonal- 

Klionif)())ic(b'iil 


Rliutnluiluxlral 


f Example of Substance 
j * Grystallizinji In Glass. 

Calcium thio&ulphate 
Copper sulphate 
Potassium tetrathionate 
•Cane sugar , 

Gypsum (hydrated cal- 
cium sulphate) 

Zinc sulphate 


Class ( Elements of Symmetry. 

' (1) syininotry * 

• (2) Cenli’o-i^lyTninetry 

13) 1 Diad Axis » 

• • ( I ) 1 Plane of Symmetry ^ • 

1 PKinoJof Symmetry; 1 G^id 
♦Axis ; Centro-Symmetry * 

. f (6) 3 Diad Axes at right-angles 

(7) 3 Diad Axes ; 3 Planes of Syifi- Barium sulphate 

metry; Centro-Symmetry * 

(8) 1 Diad Axis, the intersection of Smithsonite (basic zinc 

^ 2 Planes of Symmetry at silicate) 

right-angles • \ 

. (9) 1 Tetrad Axis < Wulfonite (lead 

• date) 

(10) 1 Tetrad Axis; 1 Plane of Sym- Scheelite (calcium iung- 

raetry at right-angles to it ; state) 
Ccntro-S 5 mimetry ♦ 

(11) 1 Tetfad Axis; 4 Diad Axes at Strychnine sulphate 

right-angles to it 

(12) I Tetrad Axis; 4 Planes of Silver fluoride 

Symmetry meeting in it 

(IH) 1 Tetrad Axis; 4 Diad Axes; Cassitorito (tin oxide) 

/> Planes of Symmetry; Centro- 
Symmetry 

1 I I) 3 Diad Axes, one being the inter- Cop[H'r pyiites (( ’iib’e.So) 
s('ction of 2 Plune^ of Sym- 
metry at right-angles 

( lo) “ Psoudotetrad ” Diad Axis (no (None kifjvvn) 
substance crystallizes in this 
system, hence no further ex- 
planation lU'ed bo given) 

, ( 10) 4 Triad Axes ; 3 Diad Axes 

(17) 4 Triad Axes ; 3 Diad Axes ; 3 

Planes of Symmetry ; Centro- 
Symmetry 

(18) 4 'J’riad Axe-J ; 3 d’etrad Axes ; 

0 Diad Axes 

(10) 4 Triad Axes; 3 Tetrad Axes : 

0 Diad Axes ; 9 Planes of 

Symmol ry ; <_'entro-Symmetry 
(2(1) 4 Triad Ax(*s ; 3 Diad Axes : 0 
Planes uf Synmietry 

(21) 1 Triad Axis 

(22) 1 Triad Axis : Centro-Symmetry 


(23) 


Ti'iad Avis: Plane of Syin- 
rnelry at rigid -angles 
Triad Axis: the in((‘rse<t ion 
of .3 I’huu's of Synunelry 
I Triad Axis : the int<'i’sec(ion 
of 3 Planes of Syinrnotry. A 
fourth Plane of Symrnot^ry at 
right angles to it ; 3 Diad 

Axes. 

1 Triad Axis ; 3 Diad Axes at 
right angles to it. 

1 'I'riad Axis ; 3 Diad Axes at 
right angles to it ; 3 Planes of 
Symrnotry ; Centro-Symmetry 
f (28) ] Ilcxad Axis 


(24) I 

(25) 

( 20 ) 

(27) 


l^TTf^xagornil 


Bari u III nitrate 
Iron pyrites (FeS^) 

Soclinm ehlorfde 
Metallic silver 

Blende (zinc suliihido' 

Sodium pc'riodafo 
Pheuakite (beryllium sili' 
catc) 

(Xnne known) 

(lrc(^ioelcil.(^ (eadiuiuni 
sulj)lii(lc) 

(None known) 


Quartz (silica) 

Calcite (caleinm iarbo;i- 
ate) * 

Lithium potassium sul- 
phate 
Apatite 


I 

t ^ 


(29) 1 .Hexad Axis ; I Plano of Sym- 
^metry' at right-angles to it ; 

Centro-Symmetry 
(3(J) 1 lloxad Axis; 0 Pianos of Silver iodide (probably) 
Symmetry 

(31) I lfexa<l Axis; 0 Planes of Beryl 

j Symmettf ; Centr<j-Sym metry * 

(32) 1 Hexad Axis; d Diad Axes at Double salt of lead anti- 

right-angles to it • mony • tartrate and 

« potassium nitrate 
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represents a crystal grown under concfitifftisVore f^fvourabie for 
tjie development *of some faces than of others^* Ms a iiesult, 4;he 
crystal has an ill-sha^^cd appearance, hut’, nevertheless, it obeys 
the laws of crystal symmetry, just as well as the avenly-dcvelopfed 
crystal Id, wi4h which it is crystallographically identical. For tfie 
laws of crystal symmetry merely govern the angles which the various 
faces ?nake w^h#tho planes and axes of symfnetry, and do not 
delijrmine the size of the indivictual faces. 

Of considerable importance in crystallography is the occurrence 
of compound crystj^ls, or twins. An 
example is shown in Fig. 8. Hcrc^ 
we see a twin crystal of gypsum, con- 
sisting of two single crystals arrangc'd 
symmetrically on eitlu'r side of a 
twinning - plane. Ilu* twiniiiiig- 
])lane is invarialdy paralL*! Jo a pos- 
sible face gf the (ay^stal, but is iievei- 
parallel to a plane of symmetry of 
4he sin|;le crystal. This kind of 
twinned crystal has frequently a re-entrant angle on out' side, and 
is sometimes known as the “arrow-head twin." The re-entrant 
wangle agad genc'ral appearance aid the ob.server to recognize the 
’W)mbioation as a twin. Other types of twins, however (including 
those in which tluTc' is a twin-axis, instead of a t winning-plane), 
arc more difhcult to recognize : and in many case's the earlier crys- 
tallographers wen' U'd to regard what was rc'ally a twinned crystal 
of a substance crystallizing in a class of low symnu'trv as a single 
('rystal belonging to a class of higher symmetry. 

Many sulistanccs including some rock-forming minerals, such 
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as plagioclase fels])ar arc found built 
up of innumerable thin parallel twin- 
lamellae. The planes separating the 
• Ianu‘lla3 a(*l as twinning-planes, and the 
material is orientated ditferently in alter- 
nate lamelhv. No doubt the layers of 
atoms on each side of a twinning -plane 
make e([ual angles with it, possibly in the 
manner suggested in Fig. 9. The edge 


of a crystal made up of twin-lanu'llae, vit'wed in the correct light. 


will often show a series of striae, due to refk'cdion from the paralh'l 


facets u,a,(/,,or, alternatively, from the .series 6, h, b (Fig. 


Twinned crystals of a similar character oecur also in metals wJiicli 
fiave been mechanically strained, aS will be shown in Chapter JI 
of this vciume. 
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Crystal -S'^ructure 'Metals. Whilst the syjnuiofjy and 
crystal hAbit of 11^ common substances have long 'been known, and 
the, characteristic hngleK between faces hav%? been measured witli 
groat accuracy, the internal arrangement of atoms, w'hich give 
rifee to the symmetry, is only knovn for a comparatively few 
compounds. In the e.xample which lias been considered above, 
sodium chloride, the arrangement of atoms is (;\t^;emoly simple. 
Many other binary compounds have a similar internal structi^rc. 
But most compounds containing more than two elements have a 
far more complicated arrangement of the component atoms, and it 
is often difficult to descKbe it without the aid of models.' 

For the purpose of this book the crystal-structure of the metals 
in the uncombined state possesses special importance. Most of the 
commoner metals crystallize in the cubic system. There are three 
important ways of arranging the atoms which would giv(' the 
necessary symmetry of the cubic system. We may imagine spaci* 
divided into minute cubes of equal size, and then picture the atoms 
arranged w'ith their centres at the corners of the cubes ; this 
arrangement is rcjnesented by the simple cubic space -lattice, 
(Fig. 10a)‘. Again, we can imagin(‘ an atom at the coi^ner and 
also at the centre of each cube, as is represented by th(‘ centred 
cube space-lattice - (Fig. KIb). Thirdly, we can picture tl^^* atoms# 
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placed at the corners of the cubes and ako at th(‘ centres of the 
faces; such an arrangement is represented by tin* face -centred 
cubic space -lattice (Fig. lO('). 

NoA', of the common metals which belong to the cubip syst^nm 
it has been found that •’ : 

^ The Htructure of several coinpomidK Ik disen.sKod l)y \\'. H. and VV. L. 
Bragg in their book on .“X-rays and Crystal Stnietore ’’ (Bell). 

2 Often called the bod^^-Cfiitred eiibie lattice l»» dislinguish it from the 
fafjSifentred cubic lattice. 

^ W.«H. Bragg, Mu<j. 28 (1911), Iloo ; Trans, ('firm. Sor. 109 (1910), 
252.* A. W. Hull, yV///.v. Hrr. 10 (1917), 001 ; Trans. Amtr. Inst. Elr.ctr. Eng. 
38 (19f9), 1445 ; Scimee, 52(I920),^>27. P. 8chcrrer, ZeMneh. 19 (1918f, 
23? L. Vegard, Phn. Mag. 31 (1910), 83; 32 (1910), 05. J\ Debye, Phys. 
Zeitich. 18 (1917), 483. . • 
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iron, (Jhromjum, Molybdenum, *Tdngsten, Sodium and 
Lithium have tlick atbinw ^n^uiged on a cen^’e^ -cubic spate- 
lattice (Fig, 10b). #• * * . * 

Copper, Silver, Gold, Aluminium, Lead, Rhodium, Plafi- 
num. Cobalt and Nickel have their atoms arranged on a face- 
centred cubic space -lattice (Fig. I0( ). 

Magnesiuifi, *Cadmium, 2:inc, Antimony and Bismuth 
erystallize in the htxagonal-rhombohedral systeim 

Tin (in the form usually nud u itli) crystallizes in the tetragonal 
system . 

It is significant that most- of th(‘ ehtmnts crystallize in the systcins 
(cubic and hexagonal), })ossessing high (h^grces of symmetry, 
although among (!om]K)unds containing three' or more' different 
atoms crystal-systems with low degn'es of symmetry (rhombic, 
monoclinic and triclinic) an^ more' generally juet with. It is 
impossible to go into detaili? of tlu* ('xplanations suggested^ but it 
inay l)o stated gciu'rally that it is only to be expected that an 
^ordered assemblage' of atoms of a single kind will possess a higher 
degree (M. symnu'try than an onh'red assemblage contai*iing atoms 
of several diffcn'nt kinds.' 

• Isoiliorphism.- It is not surprising to lind that substances 
4aving analogous formula} frequently cry.stailize in the same form. 
The following substanct's, each composed of an alkali-metal joined 
with a halogen, crystallize in cubes 

JSodium chloride Na(d ; P()tas.sium chloride KOI ; 

Potassium bromide' KPr. 

Without doiild, the crystal-arcliitecture is the same in (‘acli case. 

’ One was i;iven by \V . Ibiilow aial W’. ,l. Pope, TriDifi. Cheni. 

Sor. 91 (PH)7). I ir)0, wlio assumed llie atoms to l»e iueompre.ssible but detorm- 
^ able s[)heres. 'I’be most natural atal (':om[»a«-t methods of ])aeking balls of 
equal size in a box lead to arrangemeids pos.se.ssing either laihic oi‘ hexagonal 
symmetry, VVlu'ie the box^-ontains balls of ditft'rent, kinds and sizes, arrange- 
monts of lower sviiimetry ate obtained. 8ir .1. d. 1'homson, J*hil. Ma(j. 
43 (1922), 721, lakes into aceoimt the vah'ney elet'trons which are sup|X)sed 
to exist belwet'u the metallic atoms in the crystalline sOite, and is thus able 
^to correlate the eryslallino character of the metallic elements wit^i their 
valency. •He sho^^^s that the <'nbic, hexagonal and tetragonal systems are 
to be expected among elements- a conclusion in complete hannony with the 
facts. Elements vith one valency electron .should possess cubic symmetry, 
wliilst divalent elements should possess hexagonal or tetragonal symmetry. 
It is certainly noteworthy that most of the elenu«its of Groups Ia, and Ib 
( sodium, lithium, copper, silver and gold) are cubic, whilst most of those of 
Groups Ha and llu (magnesium, zinc, cadmium) are hexagonal. HoMi^er, 
calcium is believc^d to be cubic. • 

^ The internal struotiire of mixed ery.stals, as revealed by tlie X-ray 
method, is discussed by L. Vegard anti #11, Schjeldei'm), P/ty.v, ZeiBch. 18 
(1917), 93 ; L. Vegard, Zdtsch, Phy^. 5 (1921), 17. Compare the views*of 
G. 'rammann, Znisch, Mctallkimdet 13 (1921), 40(i. 
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Similarly 'crystals o4 iftagnesium sulphate MgSOi-VrigO and 
Ziitfc sulphat(v 7 h|S 04 . 7 H 20 are rljoi^ibic prisms almost indistin- 
guishable from one another in appearSi»ice, although slight 
diflerences' in the angles between faces can be found if the two 
crystals ai*e measured accurately. Here also thoK crystals are 
evidently built up in the same way ; the metal (zinc or magne- 
sium) evidently hat< the same position in the ci^st<al*structure of 
both salts. ‘ ^ •’ 

By crystallization of a solution containing a mixture of zinc 
and magnesium sulphates it is easy to obtaii\ crystals — perfectly 
uniform in character ~ eOntaining both metals ; the two metals 
may be present in any desired proportions. If a series of such 
“ mixed crystals ” are prepared, ranging from pure zinc sulphate 
at one end to pure magnesium sulphate at the other, it is found that 
the angle between the faces varies gradually as the zinc is replaced 
by magnesium. Evidcmtly th(‘ rok (,d the midallic atoms in the 
mixed crystals is filled partly by zinc atoms and partly by .magnesium 
atoms. The mi.xcd sulphates can be written (Zn,Mg)804.7lld). 
Pairs of salts which have the same form, and which give I'ise to 
mixed cry.^tals, are said to be isomorphous. * 

The vague, and therefore convenient, term “ solid solution ” is 
often applied in speaking of cases of this kind, in a mixeci crysta> 
containing botii zinc and magnesium sulphates, we can dcHCTib(? 
the zinc sulphate as being held in '' solid solution " in magnesium 
sulphate, or the magnesium sulphati' as being held in solid solution 
by the zinc sulphate. 

Glasses. If a liquid substance is cooled very quickly to a 
temperature far below the ordinary freezing-point, the movement 
of the molecules may become greatly reduced beforif tinu? has been 
allow'ed for the arrangement of atoms into the definite crystal- 
structure described abovi'. In such a casi* a glass is formed. A ' 
glass, owing to the small thermal movt‘mcnt of the molecules, 
possesses as great rigidity as a crystalline solid. It is possible 
that in a glass the molecules may actually be linked up in chains, 
but, Since the arrangement is chaotic, and not ordered, as in a 
crystal, a glass will have the same properties when tested in all 
directions. It possesses, for instance, no cleavage planes, or 
directions along which it can break with especial case. A glass is 
regarded by some writers as a liquid of such extraordinary high 
vi^siiy as to be practically rigid. When heated, glasses gradually 
soften^ becoming more and more like ordinary liquids as the 
tqmpemture risesi; there is it;) definite melting-point, such as is 
observed in the case of crystalline solids. ,If a glass iff preserved 
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for some time at a temperature a littl^ b'jlow the ti‘ue meltiiig- 
pgint of the crystalline k)rm of the ‘substance, “^nitrification’” 
usually sets in, ajid tjfe glass gradually changes to a (‘rystallitu' 
mass, the atoms arranging themselves to produe(;^tJie more stahh; 
structure. % 

Many salts ar(‘- dilhcult to obtain as glasses, but silicates, borates 
and phosphate;^ aie readily obtained in the glassy form even when 
the^iooling is fairly slow. Metals also are thought to be converted 
in part to a vitreous or glassy condition when subjected at low 
temperatures to violent mechanical treatment, which aiinihilates 
the crystal-structure of the material, and leaves the metal in a 
practically amorphous, structureless condition. 

Solutions. A striking effect often noticed when a solid and a 
liquid are brought into contact, is th(‘ " dissolution " of the solid 
by th(‘ li(|uid oi‘ '\solv(‘nt" to form a liomogencous solution. 
Ap])arently tlu' molecules ofy;he solvent moving past the surface 
of the solid jw e al)le -as a result of their violent thermal moveihent 
to drag away material into the licjuid phase : the dissolved material 
(i>r ''solute") comes thus to share the thermal agitation of the 
li(piid mmeculcs. The })roc(‘ss continues until the concentration of 
the solution reaches the ‘‘ solubility limit," after which no more 
:%lid is dissolved ; tlu^ solution is then said to be saturated. Jf 
jfSupei saturated solution, t hat is a solution having a concentration 
higher than the " solubility limit," is brought into contact with the 
solid, the reverse process, crystallization," commences, and 
continues until the concentration is reduced to the solubility limit, 
at which equilibrium is once more establish(‘d. Kvidently the 
equilibrium between a solid and its saturated solution is reachi'd 
Avhen the two opposing processes, 

(1) dissSlutioft, or passage of solid into tlu' licjuid phas(‘, and 
^ (2) crystallization, or passage of dissolved juateihd on to the 
solid phase, 

take place with equal veiocity, and thus ladance one another. 

In the discussion of a very dilute solution, the term “ molecule " 
recovers the exact meaning which it possesses in the case of gases. 
*For the ultimate particles of the solute must b(^ separated- -in a 
dilute solution — by distances which are large compared to the 
particles themselves. It shoidd, however, be remembered that they 
are not separated by space — as in the ease of gaseous molecules — 
but by an atmosphere of solvent . The dissofVed molecule is sojp#. 
times composed of two or three gaseous molecules “ associated " 
together. But even more common than “ association ” i^ the 
opposite phenomenon, “ dissociation.” For instance, an atfueoiw 
solution of lodium chloride does not contain NaOl molecules to any 
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large extent ; the chaVgeci atoms or “ ions,’' Na’ and Cl', appear 
td movo about' yidependently at^ ap])rectable distances from one 
artother. This kind, dissociation will Ix'^considered further at a 
^ter stage. ■>, ^ 

As a result of thermal movement, dissolved molecules, or ions, 
frequently collide with one another, and may interact. In fact, 
most of our ehelnical reactions are convenieiitly^i carried out in 
solution. * . * 

Controversy has ragetl over the question as to whether the 
solv(mt and solute are chemically united. ’J The fact that th(' 
jjrocess of solution is often accompanied by heat-evolution, in spite 
of the fact that it involves pa.ssag(‘ from tln^ solid to the liquid state, 
points to some real chemical combination in those cases. Moreovej', 
it is diffi(uilt to think that the solvent could drag the solid into 
solution without some* form of union with it. Undoubtedly, in 
many cases, the forces binding tlu' salute to th(‘ solvent are similar 
to those w'hicli (‘xist between the molecules of the S(,)lvent itself. 
'Phis view finds sup]a)rt in the fact that a solvent generally dissolves 
most readily those solids which have a composition like to itseVf 
(“ tSimilia similibus solvuntur”). For instance, the solid hydro- 
carbons are very soluble in liquid hydrocarbons, but hav(‘ only an 
extremely small solubility in water. Salts (Containing ojiygen, <fi\ 
the other hand, are, in general, f ready solubk* in water, but neai»?y 
insoluble in liquid hydrocarbons. 

In certain cases notably in the dissoluti(3n of oxides in water - 
very marked chemical combination accompanies the process with 
the formation of substances having delinite and distinct polar 
formulae. Thus sodium oxide (NaoO) with wateu* forms sodiuiei 
hydroxide (NaOH), whilst nitrogen pent(jxide forms nitric 

acid (HNO;j). It is conceivable tliat in many oilier ckis(\s where 
solution is accompanied by a rise in teinperature the (closer ty])(‘ of 
combination here suggest eil may also oceim, although often we hav(‘ 
no means of verifying the suggestipn. * 

The solutions of salts and simple substances - in which the 
solute molecules are very small— appear to be completely clear 
and homogeneous. As we pass to solutions in which th/‘ dispersed 
particles of the " solute ” are bigger, the apjiearance becomes 
visibly turbid ; such solutions are known as colloidal solutions, 
and it is often possible- by means of an instrument called the 
,^ltra-microscope actually to observe th(* ‘‘ colloidal particles ” 
of thre solute. It is interesting to not(‘ that the particles may be 
se6l^ in a state of motion (“Brownian Movement”), which may, 
i-ndeed, be regJirded as th^ thermal agitation. From colloidal 
solutions we can pass by imperceptible steps to line ’suspensions, 
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and tlicnce to coarse suspensions, siuh as arc^madej)y shaking 
saftcl in water. The lyownijQi 'Movaaiu^it •rapidly diminishes ^s 
th(^ particles become bi^gi‘r. A suspension of shnd in water clearl}^ 
constitutes a heterogeneous (or two-phase) system, bftt the difference 
between a lieferogcneous “ suspension ” and a homogeneous 
“ solution ” is only oru* of degree, the so-called colloidal solutions ” 
constituting a 1inT\ between tin* two.' Colloidal solutiofis are 
furtlu'r considered in»('hapter VJ 1 of this volume. 

A word must be added regarding the mutual solubility of two 
liquids. If th(‘- two liquids are alike, the,^ will ])i'obably mix in 
any proportions to form a single jihase. If tliey ari^ quite unlike 
they will form two separate layers, tin' lighten* liquid re^sting on tin* 
heavier liquid, and being separated from it liy a well-marked 
boundary showing a high interfacial tension - the sign of dis- 
continuity. If the boundary is disturbed by the agitation of the 
liquid with a stirring-rod, tlie iftterfacial temsion, aided by thejorce 
of gravity, [mils the surface taut ” again as soon as the stirring 
ceases. 

^j>e([U(Miyy, liowevcr, t here is a ])artial miscibility,” tlw^ lighter 
layer dissolving a little of the Innivii'i* li(juid, and the heavier liquid 
dissolving a little of the lighter. An interesting case is that of 
phenol aiti wat('r. If thes(‘ two substances an* shaken together at 
th(‘ ordii ary tenipc‘ratur(‘s, and allowed to stand, they separate 
into two liquid laytu’s. the U])per one consisting of a solution of 
piienol in water, whilst tiu‘ lower om* is a solution of water in 
phenol. However, as tlu' temperature is raised, the water of the 
upper phase is able to dissolve^ mon* plu'nol, Avhilst the phenol 
of the lower phase is able to dissolve moic water. The two layers 
thus becorne^inore alike in com])osition, and t lu^ interfacial tension- - 
the sign of discontinuity at the boundary- diminishes. Finally at 
()}i*tF(t the compo.sdion of the two phases becomes identical, and 
the boundary vanishes, .-^bovi' that tenqx'rature the liquids are 
miscible in all })ropoit ions.^ 

Surface Adsorption. It has already been pointed out that the 
nmlecules at tlu' boundary of a liquid or at the intcu'face between 
two liquids are in a. special (condition, and that the coiitractilo 
forces known as “ surface tejision ” or " interfacial tension ” are the 
result of this condition. The situation of the atoms at the surface 
of a solid substance likewise requires special co?'.sideration. Since, 
however, the solid possesses rigidity, the surface cannot shrink ^nd 
surface phenomena of a rather different character are met with. * 

Imagine a crystal, such as mica, splii into two hiilves, along* a 

' See J. Perriii, “Atoms”; translation by D. LI. Ilammiek (Con.stable). 

" V. Kothmuiui, Ze'itsch. Phif.s. Chem. 26 (1808), 4:t3. 
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<;^leavage plane. The forces, r-wliioli before the ^splitting united tlu’ 
two halves togeWier, are now avj^ilable for the attachment of fr«csh 
, atoms to the newly exposed surface. .Vccordingly the surfat^c, 
unless preservtd in vacuo, I'eadily becomes covered with a him of 
'' adsorbed ” air or jnoisturc, Jield chemically by thb newly available 
forces. As a result a freshly exposed surface has ditferent properties 
to an old surface; it possesses, for instance,'’ d/herent fri(;tional 
properties and a different electrical conductivity^ 

It is probabhi that the adsorbed film upon a plane surface is not 
more than one molecule thick. “ Adsorptica is a purely surface 
phenomenon ; porous materials adsorb more freely than do compact^ 
materials mainly because they have a far larger surface. The 
adsorbed layer of air, moisture or grease is often extremely diilicult 
to remove by mechanical means or by heat, being apparently held 
by forces similar to those n*s})onsible for chemical combination. 
Th(‘ l(‘ndency to adsorption depend^' on the nature of both the solid 
and the gas ; hydrogen is adsorbed by platinum fa» more readily 
tlian the inert gas argon, for instance. 

Intel facial Energy. Interfacial tension exists at tb bound&ry 
wliere a liquid comes in contact with a solid and has a most marked 
intluence upon the behaviour of the materials. The behaviour is 
most easily expressed by the principle of “’surface energy.”*^ A 
certain amount of work must be 2)erf()rined in overcoming the 
forces of interfaeial tension if are to increase the area of the 
surface of contact biTween two different materials, dims we can 
regard a certain amount of “interfacial energy” involved in the 
existence of any interface ; the interfaeial energy per unit area 
(at any given tem])erature) depends on the nature of both materials, 
being in general least when the two materials are sj.milar in character. 
Now consider a drop of liquid placed on the surface of a solid ; 
it may either remain as a drop, or it may spread itself as a film o^'er 
the surface of tin* solid. Such a spreading will increase the area of 
contact between liquid and solid and between liquid and air, but 
it will decrease the area of contact betw^een solid and air. If, as 
a whole, the spreading would involve an inermse in energy, it c^n 
only take place if mechanical work is applied by some outside 
agency to force the liquid over the solid. If, however, the spreading 
involves a decrease in energy, then it will take place spontaneously 
without any interference from outsidi* ; in such a case the liquid is 
^''saUd to “ w'et ” the solid. 

' See W. B. Hardy, J. Soc. Chem. hid. 38 (1919), 7; T. W. B. and J. K. 
HaVdy, Phil. Mag. 38 (1919), b2. Cornpare, liowcvor, the .somewhat different 
standpoint of 11. M. Budgett, Proc. Roy. Soc. 86 (1912), 25. 

“ 1. Langmuir, J. Am&r. Clinn. Sue. 38 (ifflO), 2221 ; 39 (1917), 1848. 
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If the values of^the ijiterfacial ei^^ergy (per unit area) between 

tht^ solid (8), liquid (L^hnd Jdr^(A) be ^q\])|eH,sed*% thel^ymbofs 
r/j,) , 0 ^^ and rq then t\u‘. alterat ion of surfa(;o energy djie to tl!e 
drop spreading itself o^;er an area a must be 

' ' O'.Sa) 

Otily if this is negative will the liquid spread s|T^>ntaneous]y over 
t he fgniae.e of the solid. In oth(“r*words, if 

d“ CTj^a 

the lirjiiid will “ wet ’ithe solid, if this relation does not hold good, 
th(i liquid will not “ \vet ” the solid, but will remain gathered in 
small drops. 

if a narrow glass tube is ]3ushed vertically below the surface of 
water the water will rise in the tube, because such a movement 
involves a decrease in the energy connected with the interfaces 
water, glass and air ; on the (^her hand, if a glass tube is pushed 
into mercury the mcrcin*y stands lower in the t\d)e than outSide. 

Again, if a. pasty mixture of whitt* hwl and water is churned up 
with linseed oil, the oil expels thci water from the j)aste, and at tlie 
end we arc left with a viscous mixture of oil and white lead, along 
with a sepai'ate watery phase (free from w^hite lead) above. 'J'he 
(3.\pulsioi».)f the water by the oil takes place because it involves a 
(Icvrease in the interfacial energy of the system. The phenomenon 
is of some importance in the manufacture of mixed paints.^ Like* 
wise, if a line powder is shaken up with two immiscible liquids, it 
may enter one or other of the liquids, or alternately it may adhere 
to the interface betwe('n tli(‘/ li((uids. 8omc powders do the one 
thing and some the other ; it is the relative values of the interfacial 
energy existing between the thn'c materials that settles which will 
occur. This*is a matter which will l)e nd’erred to again in connection 
witli the flotation of ores. 

If a metal is allowed to stand in contact with a corrosive liquid 
which acts on the metal so*as to produce a solid corrosion product, 
this solid product may either cling tenaciously to the interface 
between solid and liqviid, in which case it is likely to interfere 
Witli furthe^' corrosion, or it may pass readily into the liquid, 
and interfere but little with further action. A comparatively slight 
alteration in the character cither of the metal or tlie liquid may have 
a striking effect in determining whether the corrosion product 
shall form a protective film or not.- ' 

When a solution comes in contact with a solid, “ adsorptiiTn " 
often occurs at the interface, where such adsorption leads to yie 

^ Compare VV. Koimlei'B, Chrm. I’VtcLhkid, 10 (1013). 708. 

^ eVinpafe IT. K. Kvalis, Trans. Faraday iSoedrty, 18 (1022), I. 
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Ipu^ering of the interi^acfial eyergy of the system. Thus when th^ 
interfadial tei\si«^n hej wyen tlie ^^oliid aiuj solution decrcaf^es witli 
tlie eoncrntration of the solution, tlie solute' will tend to eolleet at 
the interface, a^ad the concentration of the solution next to the solid 
is higher than that of the body of the solution. Iths well known to 
analysts how tenaeiously certain soluble salts cling to certain 
])recipitates ; iii many cases it^is almost impbssiblc to wash tlie 
])reci])itates effectively owing to the adsorjdion. Again, a sofutioti 
of potassiinn permanganate, Avhen run through a bed of sand, may 
come through colourless at first, tlie salt Ifcing adsorbed at the 
surface of tlie sand. 

The opposite etfect, known as '‘negative adsorption” (or 
preferential adsorption of solvent) is also known. Idiis occurs 
where th(‘ interfacial tension increases with the concentration, 
and conseipiently the solution Ixromes inon* dilute at the area of 
contact with the solid than elserh(‘re. Blood charcoal shows 
positSive adsorption towards potassium bromide, .and negative 
adsorption towards sodium chloride ; in the case of potassium 
chloride^ there is jiositive adsorption iit high concentr^itions, a^nd 
negative adsorption at low concentrations.^ 

The latent forces existing at the free surface of a substanc(‘ are 
also manifested in the phenomena of "seizing" and ‘*'fricti(>Ti.” 
d Vo perfectly clean, smooth metallic surfaces, when brought fiito 
contact, will often adhere togetlier : but the presence of an adsorbed 
him on tlui metal is usually sufficient to prexamt this adhesion, 
liecause the latent forces which would othervisi; be responsible 
for the adhesion— are employed in binding th(‘ adsorbed substance 
to the metal. Oily substances are especially efficient in reducing 
the adhesion between two metals brought into conta(d ; hence the 
use of lubricants in machinery to reduc(‘ friction'and eliminate the 
danger of seizing. ^ 

The effect of adhesive forces becomes very marked in the ease of 

#■ 

very small particles, because very small particles have; a large 
surface area in comparison to their volume. The tendency of 
ultra-microscopic particles to join together to form aggregates will 
be met with repeatedly in colloid chemistry. 

' y. O.saka, Metn. Ooll. Set. Kifoto, 1 (lOla), 
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IV. Chemical REi».cTr()N.s and Chemical tisuiLiinuA 

« 

Acids, Bases and Salts. All the eleinoiits, e\ce})t the inert 
gases aiifl HiK^rinc.^aiii be made to eonibiiie with «)xygeii, yielding 
oxides. The oxides of non-m(Tate commonly combine with ’water 
to give acids ; thus sulphur trioxide (SO;,) combines with water 
(H 2 O) to yield sulphuric acid (H 0 SO 4 ). A few of tlie oxides of the 
metals, for example flie higher oxide of eiiromium ((TO 3 ), have 
also an acidic character. In general, however, imdallic oxides 
have basic projicrties. jMany of the metals possess oxides which are 
]iearly insoluble in water, l)ut the oxides of tin' metals of (Jroup Ia 
combine with water with avidity, yielding vSolu})le hydroxides 
which are called alkalis. '’Tins sodium oxide (Na^O) combines 
with water to give sodium JiyfAroxide (NaOH). « 

Acids and alkalis are usually distinguished by tlu'ii’ action U])on 
certain colouring iiiaterials ; an acid, for instance, will turn blue 
litmus redf whilst an alkaline solution will turn red litinfls blue; 
|)h(Miobphthalein is turned j)ink by alkalis, but the addition of an 
aekl destroys the pink colour. 

Oxy -salts an' th(' products of combination bc'twcen basic oxides 
and acidi oxides, ddiey ar(^ often conveniently prepared by 
neutralizing tin* solution of an acid with an alkali, or with a basic 
oxide, wat('r in this eas(^ being produc(‘d in the reaction; they 
are also iji many cast's produced when metals are dissolved in acid, 
hydrogen gas being ('volved, Ziiu* .sulphate (ZnSO^), for example, 
can b(‘ produced in three' ways : 

y^nO -p SO, . ZnSO, 

Zn(OH )2 + HoSO., ZnSO, + 211 A) 

Zn -f H.SO,, - ZnSO, + H,. 

Zinc sulphate, ZnSO,,, may be considered as a molecular compound 
of zinc oxide and sulphur trioxide, and expressed thus ; — 

• . ZnO.SO;, 

It is probably more (an-rect to regard it as a compound formed 
through the transfer of electrons between the atoms as indicated 
by the following structural formula : 

r(K -0 

8 - 


H)' 

t 


Zn 


A. O 
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Too iniioh importance, how<,\ver, should not be attached to the 
so-called strubtufal toripulae of^dnorgani^e salts, since the v^ry 
reactivity of these bodies is an indication ^hftt th(^ atoms arc Jiot 
linked togethevdn definite positions, like tlui«e of carbon compounds, 
but are probably arranged in different ways at dfiferent instants. 
Structural formula? will be only rarely suggested in this book. 

Zinc oxide is an example of an “ amphotertc oxide ; whilst 
normally behaving as a basic oxide, it cai? also function as an 
acidic oxide. For instance, if will dissolve in the strong alkali, 
sodium hydroxide, yielding a salt called sofiium /incate, Na .X).ZnO 
or Na^ZnO^, in which the zinc oxide })lays the ])art of the acidic 
oxide. 

Certain acids exist which contain no oxygen. They are formed 
simply by the combination of non-metals with hydrogen ; aqueous 
solutions of the compounds hydrogen chlorirle (HCI), hydrogen 
iodide (HI) and hydrogen sulphido' (H.^8) have acidic proi)erties 
towards litmus ; when the solutions are treated with basics metallic 
oxides, or hydroxides, the chlorides. iodid('s or sulj)hides of th(‘ 
metals are produced ^ o 

2HCI + Zn(()H)., ZnCl., -f- 2H.4) 

The chlorides, iodides and similar compounds are generally ^groupf-d, 
along with the oxy-salts mentioiu'd above, under the general tdrin 
“ Salt.” The same compounds may be pn'pared free from water 
by direct combination of the metals and non-metals : 

Zn -f- ('L -- ZnCl, 

Just as two ()xid(‘S- one more basic than the other — combine to 
form oxy-salts, so also are stable products formed by the combination 
of two chlorides, two sul])hid(‘s or two cyanides, 'idr ex^ample - 

2KC1 -f n(% K,PtCi, 

K,S + -V KX\^, 

KVK + Ag(\\ KAg(rN)., 

The thr(‘e rcaictions abov(^ give rise to substances very stable in 
soluti(jn ; the products are rather illogically known a<; “ complex 
salts,” although they are ])robably no more complex than the oxy- 
salts which are formed by the combination of two oxides. Some 
compounds of a similar nature, such as carnallite KCl.MgCl 2 .bH 2 O, 
♦wt'ppear to brc'ak up‘into tbeir com])onents almost completely when 
flissOlved in water, and in such (iases th(‘ term “ doubles salt ” is 
emf>loyed ; a solut ion of carnallite behaves practically as though it 
• (!ontained a mixture of jiotassium and magnesium chlorides. There 
is, however, no sharp distinction betw^een '' double * and “ com' 
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plex ” aaffcs ; some compounds of this chttra^tcr split oitly partially 
injo their components when dissolve?!. * * ^ ^ ^ 

Dissociation of Si;\lts in Solutions. \Vhen a oiystallii^(‘ 
salt is dissolved in wf,ter it is believed to suff(;^ t\vo kinds of 
dissociation : — ^ 

(1) Hydrolysis : a splitting into the acid and base from which 

it supposed to l)e derived. * * 

(2) Electrolytic Dissociation or Ionization : a splitting into 
electrically charged ions, of which tlie “ positivt* ion ” consists 
of the most characteristic metal present, bereft of some or all of 
its valency electrons. 

Both types of dissociation are probably incomplete' or ‘‘ balanced ” 
reactions, undissociated salt b(;ing in ('(piilibrium with the products 
of dissociation. Thus 

.Zn(OH)., -f^2H(’l (Products of Hydrolysis) 

ZiiPL 4- 

^ ''"'-Zn " 4- 2(T 4* 211 J) (Products of Ionization) 

Each killed of dissociat ion is faNono'd by an increase; in tluxjuantity 
of water ])i’('scnt ; hydrolysis is also givatly favoured by a rise; 
e)f tenijj^'i’ature. 

^That hoth types of dissex;iation may 1)0 ]»re'se‘nt in the same; 
sejlution is sugge'sted by the folle)wing experiments. If a solution 
of ferrie; e iiloi-ide' (Ee‘(T,) is placed in a parclnnent ve'.ssel surrounded 
by pure' w'ate'i*. hydrochlorie; aetiel (HPI) elitTuscs threnigh the; parch- 
ment, whilst fe'iric hydroxide' (Ee'(()l[).i) remains in the vessel ; in 
such a e'ase it is the proelucts e)f hydrolysis which are separated 
from e)ne arothe'r, tlie preice^ss be'ing kne)wn as dialysis.^ If, 
however, t*v() m/Ial edectroele'S are; immerse'ej in the ferric chloride 
solution, and an e'k'ctric current is passe'el Ix'twee'ii them, metallic 
Iron is formed at e)ne clect-roele and chlorine at the othe'i' ; here it 
is the products ejf ionisation whie*h are' obtaine'el, the' proe'css be'ing 
known as electrolysis. 

Hydrolysis is most marke'el in salts in which eitlu'r the acidic 
ov basic oxide is weak. Sexlium carbonate' is alkaline to litmus, 
owung to hydrolysis, carbe)n dioxide being but a feeble acid. On 
the other haiiel, the solutie)ns of inany metallie; salts have an acid 
reaction e)wing te) the weakness of the base, aiul readily deposit 
insoluble metullic, hydroxides or basie; salts. ^ 

The following table- shows tl)(* pc'rcc'ntage hydrolysis of sever.Z*' 

Sec M. Noidlo and .). JJand>, Amcr. Chew. Sue. 39 (1917), 71. ^ * 

The table is prepared from detenniriatitfiis o:ivoii })y C.*KnllgT'en, Zcitsc\ 
Phys. Chem. «5 (19 111), 4(1^. 
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metallic salts at 100 ' C, R will be noticed how much tlu? hydrolysis 
increases ^vith the diUitioii 

' . ... I 


t Salt. 

Concentration. 

Hydrolysis. 

J’or ernt. 

Alutniiiium chlonAo (AlCip. 

N/lfc 

^ 9-92 


N/r)i2 

47H8 

Aluminium .sulphate (Al 2 {S 04 ) 3 ) 

N/64 

9-64 


N/1024 >. 

, 48-22 

Mcrcuru! clilorido (ftgCh.) . 

N/32 

1-35. 

Cupric chloride (CuCip 

N/32 

0-612 

Cupric nitrate (Cu(NOy).J . 

N/32 

0-648 

Load nitrate (Pb(N 03 ) 2 ) 

N/32< 

0-400 

Ammonium nitrate 

N /32 

0-0776 

Ammonium chloride (NJl^Cl) 

N /32 

0-0786 

Zinc chloride (ZnCIj) . 

N/32 

0 0760 

Zinc nitrate {Zn(N 03 ).,) 

N /32 

0-0470 

Cobalt chloride (C 0 CI 2 ) 

N/32 

00196 

Nickel chloride (NiCl,) 

N /32 

0 0194 

Magnesium chloride (MgC!;>) 

. ^ N /8 

0-00266 

Di.ssociation into charged 

ions is a more gem'i 

ral fflicnomcuon 


than hydrolysis, and has already been referred to in connection 
with the.electroTiic theory of combination. In sodiiinn chloride, 
the elements are believed to be held together by the transfer of 
an electron from a sodium atom to a chlorine atom, this transfer 
causing each atom to assume the “ inert gas type ” : - ^ 

Na — > Cl 

The system produced is so stable that, when the salt is dissolv(‘d 
in water, the two charged atoms (the sodium atom having lost an 
electron, and the chlorine having gained an electron) are al)le to 
move about as though they were distinct mok'cules. They are 
called ions, and are written : 

Na" and (T 

the dot and dash repre.senting a. positive and negative charge 
respectively. When an electromotive force is applied to the 
solution it is believed merely to have a '' directive influence ” on 
the thermal movement which is already in existence. The 
“ directive influence ” causes the metallic ions to move to the 
negative electrode (or cathode), whilst the chlorine ions move to 
the positive electrode (or anode) ; the former are, therefore, known 
as cations, and the latter as anions, 

*^Tt is to b(; noticed that solutions which are believed — for purely 
chemical rea.sons — to be ‘‘ ionized,*’ conduct electricity, whilst 
uniojdzed solutions, for inUance solutions of sugar, are non- 
conductors. Pure water, which is ionized in a vpry minute 
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degree info the ions H- and OH', has a fer*' feeble coifductivityd 
Some other exaAiples of the ioni5:ation of salts# and gompleif 
salts are given below ' * * 

^ 2Na* -h SO/' 

^ K,PtCU^2K + PtCI/' 

K Ag (ON ) . ^=:=i K' -f Ag (ON ) / 

Aeidj ionize in \he following way : — 

H,S04 + HSO/ ^ 2H' + SO/' 

RCA ^ H‘ -h Cl' 

• 

It is believed that Hydrion (H-), the nueleus of tin* hydrogen atom 
bereft of its single electron, is the essential conipoin'iit of all acids. 
Similarly, it is thonght that the essential eom])onent of all alkalis 
is the negatively charged groiij)* hydroxyl (OH'), which is obtained 
by ionization thus : - 

NaOH , • Na + OH' 

A(!ids A\hich aj'e eoinpletely dissociat(‘d, yielding plenty of 
h;^drion, are strong acids.” whilst those only partially dissociated 
are ‘‘ wea)^ acids.’’ The " strongc^st ” acids, nitric ant' hydro- 
chloric, arc? usually stated to be dissociatetl to an extent of about 
Ikl^ei c(^nt. in decinormal solution. Carbonic acid, a weak acid, 
is ynly dissociated to th(‘ extent of about 0-1 74 per e(Mit., and many 
organic tcids an' still h'ss disso(;iat(‘d. Otht'r numbers of this sort 
are giv'cn m a tabk' in (diaptcr V (page 245). and their inteipretation 
is discaissed in (Ta[)ter VI. 

Similarly, the hydroxides of nii'tals which an' fully ionized are 
strongly alkaline, whilst those, which are partially ionized have only 
feeble alkaline ])roperties. Jt should be noted that th(‘ metals of 
Groups I A :»iid 11 ,a are almost alone in yic'Ming strongly alkaline 
hydroxides. As we pass to otln'r grou])s the alkaline and basic 
eTiaracter of the metals tends to disappear, and with it the solubility 
of the oxides. • 

The iK'utralization of an acid by an alkali is commonly written 
in the form ; 

NaOH HCl . - NaCl -f H .,0 

If, however, the acid, alkali and salt are regarded as completely 
ionized, the reaction can })e expressed in ionic language thus ; — 

Na* 4 - OH' 4- H' + Cl' Na' + Cl' f H,,() 

• 

’ The arguments in favour of the dissociation theory of electrolytic dissocif- 
tioi^are well summarised by the originator of the theory, S. Arrhenius, Tf%ns. 
Faraday Soc. 15 (1919 -20), 10 ; and the general p(.)sition fs ably discussed 
by G. Senter, Hrans. Faraday Soc. 15 ( 1919 - 20 ), 3. 
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Omitting tl?ic terms (Common to both sides of the equation, wo 
^ibtain \ ‘ , 

' , ‘ dH' + H = H,0 * 

*rhc neutraliza'olon of any strong acid by ah/ strong alkali can thus 
be expressed by this one equation. In other word^ the neutraliza- 
tion of all strong acids and alkalis is essentially the same process, 
and it is not surprising to find ^that, if equivaleilt quantities art^ 
considered, the heat evolved is the same in all cases. This is not 
true if we consider weak, partially ionized acids and alkalis, amongst 
which considerable variations in the “ heat af neutralization ” are 
met with. 

Hydrolysis, the change diametrically opposite fo that of salt- 
formation, has itself received a rather s[)ecial explanation from th(‘ 
supporters of the ionization theory. Water is, to a \'ery minute 
extent, split up into ions, thus 

, H,() R 4- OH' 

* 

although such a small ])rop(>rlion of th(‘- molecules arc alfected in 
this way that the hydrogen ion comaml ration of puri' water is on^ly 
about 10'^ noianal. WIkmi a little salt is introduced *into pure 
water it dissociates fairly completely into its ions, thus - 

NaCl Xa + VV ^ 

FeCl;, - Fe 4* 8Cl' * 

or KCN K 4- 

If, as in the case of sodium chlorid(\ the acid concerned is a strong 
acid and the base a strong base, no further change occurs. If, 
however, as in ferric chloride, the l)ase corresponding to the salt 
is a weak one, its ionization Ix'ing nearly as low, or lower, than 
that of W'ater, the following reaction occairs with tlu^ siiiall amount 
of hydroxyl present in tlie water:-- 

Fe“4-‘10H' Fe(()ll);, 

Since the corresponding quantity of hydrion is left frcf' the solution 
acquires an acid reaction. Similarly, if the acid of the salt is a 
weak one, as in the case of potassium cyanide, the following change 
occurs 

CK' 4- H - HCN 

and the solution is. left alkaline. 

. ^ Most of the precipitation ])roecsscs, which are of such importance 
in inorganic analysis, can b(‘ represented as reactions between ions. 
If j^y the combination of two ions a salt can b(‘. produced which 
has a limited folubility in'Vvater, precipitation is to be expected 
when solutions containing these ions are mixed. Silver chloride 
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(AgCl), for example, is very sparingly^soluT)le*in water. If a solution 
of. an ionizing ehloriclO|is tre8,t(;(l with a spiiitifyi r)f an.ioniziixg 
silver salt, such as silver nitrate (AgNO;j), pjt-ecipitation of sol?il 
silver chloride will occur. Thus silver nitrate said to be t* 
“ reagent ” for^cho detection of ionizing chlorides. 

Oxidizing and Reducing Agents. Where a metal has a 
variable valene^, forming more tjian one series ot compounds, the 
compounds corresponding to the higher valency can often be made 
to furnish oxygen or its equivalent -to other substances, and 
are then known as »xidizing agents. Likewise the compounds 
corresponding to a lower valency often absorb oxygen — or its 
equivalent — and then function as reducing agents. Thus 
manganese dioxide (MiiO.^) is an oxidizing agent, whilst manganous 
oxide (MnO) is a reducing agent. In general, when an oxidizing 
agent is mixed with a. reducing agcuit, they will react, the first 
becoming reduced and the •s(‘eond becoming oxidized. Thus 
potassium p^rmanganat(\ a .strong oxidiz(‘r containing he])ta\uilent 
manganese*, reacts in acid .solution with ferrous sulphatt', a reducer 
containing divalent iron : the mangan(‘se is n'duced to tlu; divalent 
(condition, whilst the iron is oxidized to the trivalent (ferric) state. 
The I'eaetion is g<'nerally written : 

ClOFcSf),, 4- 2KMn(), + 9 K,S 04 

r»Ke.,(S(),);, + 2MnS(), + 2 KHSO 4 + <SH,(). 

Tin* working out of such a complicated ecpiation may at first 
seem difficult, but it becomes sim])le if it bo assumed that the 
reaction occurs between heptavalent manganese (Mn'"^*) and 
divalent iron (Fo^), with divalent manganese and trivalent 

iron (Fcd”)^as final ju’oducts. It is clear that, if the total electric 
charges are to remain constant, tia* nu'tals nnist act in the pro- 
portions .shown by the (m] nation : 

. Mid' + 5Fe'". 

And this at onct; indicates that the jiroporlion in which the ])er- 
inangauate and ferrous sul])hat(^ molecules t'liter into the reaction 
is 

KMnO, : KeS 04 ^ 1 ; o. 

The abov(i method of (calculation is not inwilidated by the fact 
that - as a matter of fact .Mid" ions ha v<‘ ])rol!ably no ind(qiendent^ 
exist(‘ncc in the permanganate solution. % 

fidie term oxidizer and reducer are often apjilied in cht^iges 
wfii(!h involve no actual tran.sfer of I)xygen, but fin w^hich some 
equivalent ^bstance (o.g. chlorine) is transferred, Thus, in the 
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interaction 'of ferric oliloridc FeCl;, and stannouB chlori'dc ISiiClg, 
a>^3Cordii|g to i^hc equation 

2FeCl, + ^nCU - 2FeCl, + SnCl, ; 
the ferric salt i ,7 said to Ik' the oxidizing agent, and the stannous 
chloride the reducing agent. * 

Homogeneous and Heterogeneous Reactions.* When two 
substances react together in solution . or in a uniform gas-mixture, 
the reaction is said to be homogeneous ; K takes ])lace (‘(jually 
throughout the volunu' of the solution or gas mixture. The ii\t(‘r- 
action of an acid and qlkali in aqueous solution to form a soluble 
salt is a good example of a homogen(‘ous r(‘actioii. On the other 
hand, the attack of an acid upon a solid piece of metal is an instancu' 
of a heterogeneous (or two-phase) reaction : here the action is 
confined to the surface dividing the metal froiu the acid. 

Velocity of a Homogeneous Reaction.^ Most reactions 
between inorganic substances occur \vith great rapidity, the sp(‘('d 
being very much greater at high tem])eratures than’ low, partly 
owing to the increased movement of the molecules and partly 
owing together causes, velocity also depends greatily on the 
concentration of the reacting substances in the solution or mixture ; 
in practically every case th(‘ chang(' starts quickly, but as the 
reaction approaches completion, and the reacting substances becon^c 
nearly used up, it slows down considerably. 

Consider th(‘ reaction betwe('n tri-ethyiamim', and 

ethyl iodi(l(‘ (CTl 5 )r : 

(^'A)l X((CH,),,1. 

filie change d('p<*nds upon the atoms of tri-ethylamiiK' and those of 
ethyl iodide colliding with each other during their thermal move- 
ment. If we multiply tin* concentration of tii-ethylaifiine 7i-fold 
we increase the number of collisions ])(‘r sc'cond a times ; if. in 
addition, we increase the concentration of ethyl iodid(‘ n times we 
again multiply the number of collisions Hy it. Thus, as the result 
of increasing the concentration of each i-eagent /ofold, the rate of 
interaction is increased times. Had ilu' collision of three, instead 
of two, molecules beem involved in the change, the same increase 
of concentration would have* increased the velocity times. 
Whilst, if only om^ molecule w'cn^ concerned in the change, the 
reactional velocity would be* proportional to ?/. 

It has indeed beei^ prove'd experimentally that the* velocity of 
^ ])im/)lecular ” reactions sudi as 

+ {(!,H,)I . N(C,H3)„I 

^ This subject is discussed iii detail by .1. W. Mellor in his “Chemical 
Statics and Dynamics’’ (Longmans, Creen & Co.). " 
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varies as tli(^ squa^’e of the coiiccnlratiqn ; ^wliereas tliat of “ tri- 
iiiwlecular ” nvictioiis sfioli as« « 

H-COONa + 2CHa-Ci)() A^^ ’ 

^ \>Ag -f (X), + ('HaCOOJI rCHaCOONa ’ 
varies as the cube of the concent rat ion. These relations inay h(‘ 
regarded as *two §xainpl(‘s of the Law of Mas^ Action, whi(!)i 
slatts that “the velocity of reac*th)n is ])ro|)ortional to tlu> arlirr 
of mrh of the n^acting suhstaiu*es.'’ 

Reversible Reactions. Homogeneous Equilibrium. The 

majority of reactions can take })lac(‘ in (‘itfuu- dirfadton, according 
to (arcuinstanc(‘s : equilibrium occurs when th(' velocity of the two 
opposing changes b(‘comes (‘qual. (tood (‘xam])les of “ balanced 
n^acdions are to be found 4n the hydrolysis of salts. If, for 
instance*, ferric chloiide is dissolved in water, ])artial hydrolysis 
occurs, th(‘ solution being iou^ul to have* an acid redaction ; 

• Fe*(T, -f Fe(()H), + XHd 

On the othe*r hand, if hydrochloric acid is a(lde*d to h'lric hydroxide, 
a ccrtain«amount of salt is always form(*d ; » 

Fc(()H), -f XHCl - > FeCl 3 + 

V^hiclu'tcr ('lid of the scale we* start from the same amounts of the 
f(Tnr su; stances should be pres(*nt when the* state of equilibrium 
Ee*Cl, + m.X) ^ Fe(()H), + .XHCl 

is arnv(*d at. If, howeve'r, we* add excess of one of the* four reacting 
bodi(*s, the equilibrium is disturbed. For instance, if we dilute the 
mixture by the addition of wat(*r, it is clear, ))y the law of mass- 
action, that the ve'locity of the* liydrolysis reaction will be increased. 
The v(doci>>^ of tjie op])()sing reaction oi salt-formation will, on the 
other hand, be r(*duced by the dilution, and the equilibrium is 
Therefore shifted in such a way as to favour hydrolysis ; the increase 
of hydrolysis wliich, as •already stated, accompanies dilution is 
therefore ex plai ned . 

If, howevei*, we add excess of hydrochlorie* aedd to the solution, 
•the re'ver!^ action is aided, and the equilibrium is shifted in such a 
way as to reduce hydrolysis. This is a most important fact in 
practice. Many metallic salts are hydrolysed by water so readily 
that they yield — in pure water- a solution w liich is always cloudy 
with insoluble hydroxide or basic salt. The*, cloudiness would be 
highly inconvenient to the chemist, were it not for the fact tjiat it* 
is generally possible to obtain a clear solution by the addition of a 
little acid. 

Velocity t)f a Heterogeneous Reaction, The reaction between 
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two phaseci, or bodi('i’i having a different eliaracter aiuraeparated 
£rom oi^e aiio^ier hy-’a sharp boundary, nriessarily de 2 )ends on the 
a:-oa of that bf)undary. It a rapid action is aimed at, it is advisable^ 
'-to make the siirface of contact as large; as bossiblo. Finely divided 
metals, for instance, an* far inor(‘ (piickly attack('d by acids or by 
atmospheric oxygen than the ordinary compact form -a fact 
mainly due to the largt' surface area of the tinvr variety. Again, 
if it is desired to cans(‘ a reaetfon between a refractory Jiiiiicral, 
like {;orinidinn, and a fused salt such as ])()tassium hydrogen 
sul[)hate — it is essential to grind the mineral to the very finest 
powder before heating^ it with the salt. 

Heterogeneous Equilibrium. The Phase Rule.^ Whilst an 
increase of surface area between j)hases has an astonishing effect 
upon the velocity of a heterogeneolis reaction, it can clearly have 
no effect upon the conditions of fimd o(pnlibrium between two 
phases ; for the inenaise will be efuially favourable to both the 
opposing changes, which, in a state of capiilibrium,' balance one 
another. Suppose, for instance, a luni]) of ice is floating in water 
at 0° C., being in (‘qiiilibrium with it. If we grind up^the ice to 
powder, we may, l)y increasing the area, facilitate the passage of 
material from the solid phase to the liquid, but to the same extent 
we facilitate tlu* j)assage of material in the opposite (^lrecti(*»n. 
The equilibrium, thendore, is not disturbed, unless, indeed, the 
powder is mad(‘ so fine that tin* efh'ct of interfacial cneigy has to 
be taken into account. 

A most important generalization, known as the Phase Rule, 
giyes valuable information regarding the way in which equilibrium 
varies with external conditions. In any system of phases in 
equilibrium it is necessary to know the amount of a ccatain number 
of substances present in order to have comjMete information 
regarding the composition of each phase ; these substances arq 
called “components.” Pure water has one com|X)nent ; solid 
sodium chloride has one component ; Imt a solution of sodium 
chloride has two components, since, unless we know separately 
the amount of the water and of the sodium chloride present, our 
information regarding the character of the solution is ihcomplefe. 
If P be the number of phases in equilihrium and C be the total 
number of components, then the “ Phase Rule ” states that the 
'' Degree of Freedom (F) of the system is given by the equation : — 
F 0 ^ P + 2. 

The Degree of Freedom is “ the number of variable factors 

^ % * 

^ Reference should be made (o A. Findlay’s book on " 'J’he Plmse Rule ” 
(Longmans, Green & Co,). • • 
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(temperarure, ])ioHfiure and concentration 5f compon(?nts) which 
jnyst be arbitrarily hxe^ in or^lojj tha*t tfio conditior^ of th^j system 
may be compleb'ly dehneil.” * 'Fhe meaning of this will beconn' 
ap})aront a\'1umi a. f(‘w ('^Jainples hav(i l>cen considered. Fig- 11 is i'' 
diagram desigiHd to show the conditions of equilibrium between 
i(a', liquid water and water vapour. Suppose that we wish to know 
under what condd^ns all th(‘si‘ three forms of vii^er can co-exist t 
TIk^ • system would tly^iii contain one component and tliree phases, 
'riius 0 ~ 1, P “ 3 ; the degree of freedom (F) is 

F - f ^ P 4- 2 - 1 - 3 -t 2 .= 0. 

There is, therefore, no degrt'c of freedom. That means that it is 
not necessary to know anything further about the system in order 
(U)nipletely to define it. A glance at- the diagram shows that this 
is tlui case. There is only one point, P, at which ice, water and 
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vapour can co-exist. It corresponds to a temperature of 0-007(P C., 
and a pressure of 4-() ninV of mercury; no alternative values are 
possible. 1he m(‘re fact that the three phases are present together 
tells us that the temperature and pn'ssure must Jiave those values ; 
oar information about the system is at once complete. 

The equilibrium between water and water-vapour allows a degree 
of freedom equal to 

F = 1 -2 -f 2 1. • 

• 

On the diagram tlu' equilibrium is expressed by the line P.\; for 
every temperatun^ th(*ie is a definite ])ressure (the “ vapour 
pressunr’), at- whicli water vapour •will be in equilibrium *with 
liquid watif*. 3’hcrcfore, if we observe the temperatuni of the 
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water with^'a tliernionk'ter, the pressure of the vapour in equilibrium 
Vrith it, can he* foretold without fui;ther np^asurement. It may.- be 
pomarkod liere tliat if tiu' wati'r is heated to 100“ C,, the vapour 
■pressure ^ heeou^ies equal to that of the atfmosphere. The vapour 
produeed is able at that temperature to force its' way out of the 
vessel in which it is contained, and the liquid is able to “ boil.” 

Finally we nuly consider the case when therd is. only the vapour 
))hase present (it is customary 'to speak of.it as “steam,” when 
the liquid and solid forms of water are absent). >Since P is now 
e(iual to one, ne have ^ 

V 11+2 = 2. 

There are now t wo degrees of freedom, and it is possible to vary 
the ])ressure and temperature of dry steam separately. 

It is desirable next to consider a .system with two components. 
Calcium carbonate gives olT carbon dioxide, when heated, calcium 
oxide^ being left. Th(‘ equilibrium expressed : - 

CaCX), ('aO + CO.>. 

Here we^havt' two solid phases and om* gaseous phase,, making Xa 
total of three ; the degree of freedom is, therefore, 

— ^ + - ^ c .. 

Consequently, there is for every temperature one di'hnite pressifre 
of carbon dioxich* (the ‘’decomposition pressure “) which will be 
in equilibrium with the two solids. The pressure rises with the 
temperature, becoming e((ual to that of the atmosphere at 812°.^ 
It is not possible, therefore, to obtain a st(‘ady decomposition of 
calcium carbonate by simjile heating undei* ordinary conditions 
unless that temperature is e.xceeded. 

The conditions of equili()riiim between salts afld ththr .solutions 
may shortly be considered. Unfortunately, a model is needed tq 
show the effects of varying temperatures, pressure and composition 
simultaneously. A paper diagram, with' only two axes, can show 
merely the relations between compositions and temperature, or 
between compo.sition and piussure. 

Fig. 12 represents the equilibrium diagram of the system ferfic 
chloride-water.- The melting-point of ice is 0“ C. ; that is to say, 
ice is in equilibrium with pure water at 0“ C., as is shown by the 
point A. But tin* melting-point of ice is lowered by the presence 
of ferric chloride in wuter ; this is indicated by the curve AB, which 
showi' the temperatures at which ice is in equilibrium with water 
containing gradually increasing quantities of ferric chloride. 

^ H. Le ckatelier, Comptea Re'tid. 102 (1886), 1243. 

^ H. VV. B, Roozebooin, Zeitsch. Phya. Ghern. 10 (18?12), 477. 
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Ferric chloride forps, by combination jv^ith water, four definite 
hydh'atcs : — f • t • • * 

2 FeCl 3 . 12 H./) with* melting-point :i7° 

2FeCl3.7H.,(t) „ „ „ :52-r>^ 

2F^Cl3.r)H.,0 „ „ „ r>6" 

2 FCCI 3 . 4 H 2 O „ „ „ 73-5" 

• • . * . 

Th (5 i^elting-points of the pure hydrates— that is, the points at 

which each hydrate stAnds in equilibrium with liquid having the 
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Co neon t ra t ion 

Fie, 12. — t]quilibriuni Diagram uf Die System Perrie Chlorido- Water. 

same composition- are ijidicated by the four points — C, D, E and F. 
But*in every case the melting-point is lowered if the liquid contains 
either more water or more ferric chloride than the solid phase. 
As a result the true melting-points of the hydrates stand at the 
maxima of the four curves shown in the diagram. 

These curves may be called “ the solubility curves ” of the various 
hydrates of ferric chloride. At temperatures above those indicated 
by ^he curves the solution is necessarily entirely liijuid. Whi^i, 
however, the liquid is cooled down to a temperature below the 
solubility cur\^. of one of the hydrates, it becomes “ metastable 
M.O.— VOL. I. F 
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towards that hydrate'; If, then, the metastable solution is “ inocu- 
^iated ’Vwith l minute crystal of thjvt hydi^ite, which will provide a 
?iucleus for crystallization, solid will separate from the Hquid until 
* conditions of «t,rue equilibrium are obtainecti. Sometimes crystalliza- 
tion may start spontaneously without the provij^mn of a nucleus 
from outside. 

Molecular Weight Measurement. It has just been remarked 
that the melting-point of ice is lowered by the presence of' ferric 
chloride in the water, and that the melting-point of any one of the 
hydrates is lowered by the presence of wat'^r or ferric chloride in 
excess of the proper quantity in the liquid phase. This is a perfectly 
general phenomenon, and is very readily understood. At 0°C. 
ice and pure water can co-exist without cither phase increasing at 
the expense of the other ; this merely means that as many molecules 
leave the water for the ice as enter the water from the ice. If, 
however, the pure water is replaced by water “ contaminated 
with ferric chloride, there will be a lower rate of movement of 
molecules across the boundary in the direction “water — >“ice,” 
simply because the liquid is no longer pure water, but w^ter diluted 
or rarefied by the presence of ferric chloride. On the other hand, 
the opposite movement across the boundary in the direction 
“ ice — ^ water ” is in no way reduced, because the selid phase 
has not received the contamination. Tlierefore equilibriunt is 
upset, and can only be restored if the temperature is lowered^ — a 
change which is naturally favourable to the maintenance of the 
solid state. 

It is universally accepted that the “ depression of the freezing- 
point ” is — for very dilute solutions— proportional simply to the 
number of molecules of the dissolved substance in unit volume of 
the solution, and is independent of the naturb of the “ solute 
or dissolved substance. Consequently the measurement of t}\e 
depression can be used as a means of obtaining information regarding 
the state of molecular aggregation of the solute. In this way it 
has been found that solutions of sodium chloride show twice the 
expected depression of the freezing-point, and contain about twice 
as many molecules as would bo calculated from the formula NaCl. 
This is explained by the theory of electrolytic dissociation, according 
to which the molecule of sodium chloride is broken up in solution 
into two virtually ‘^distinct ions, Na' and Cl'. If this explanation 
is correct, a salt-lilJe calcium chloride, CaCljj, which should produce 
thrbe ions by ionization, may be expected to give three times the 
normal depression. Measurements have shown this to be the (?ase, 
and the result; is one of those upon which supporters of the dissocia- 
tion theory base their arguments. 
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In addition to depressing the freezing-;^oitft, the presence of a 
dissolved non-volatile subfitanee jilso diAiinlshes*thc vn^oiir pressure # 
of the pure solvent. And since tiie boiling-^oint is the temperature* 
at which the vapour pressure becomes equal to a prgissure* of one < 
atmosphere, the^cffect is equivalent to the raising of the boiling- 
*point. Measurements of the elevation of the boiling -point have — 
like those of the, d«»j)ression of the freezing-point • been used for 
the d(?termination of molecular wefghts. In other cases — notably 
for determining the molecular weight of soap solutions — the vapour 
pressure of a solution can best be obtained by the observation of 
the dew-point. • 

Osmotic Pressure. One more phenomenon of dilute soluiiojis 
must be mentioned jit this point. Suppos- 
ing a porous vessel within the walls of 
which a membrane of copper ferrocyanid(‘ 
is supported, and the inoiuh ^of which is 
connected to a long vertical tube, is tilled 
with a dilute aqueous solution of sugar, 
au^ surrounded by pure water, as is shown 
in Fig. 13. If the copper ferrocyanide were 
not present, the thermal movement of the 
moLcules* would tinally cause the compo- 
sition of the liquid on both sides of the 
])orous walls to become the same : partly by 
ditiusion of sugar outwards, partly by dilTu- 
sion of water inwards. But the copper 
ferrocyanide constitutes a so-called semi- 
permeable membrane ; it allows water to 
pass through it, but not sugar. ^ Conse- 
(jiiently the ^iffusi^n can take place in one Fie. Ap])aratuHfor 
(lircctioti only, juuuoly inwards. As a vo- <l«"‘ou»trating ()«- 
suit, the liquid iise.s in tho vertical tulx^, 
until tlie hydrostatic pressure produced by the “ head ” of the 
solution is sullicient to stop further flow. Fhe equilibrium value 
of the pressure is then said to represent the “ Osmotic Pressure ” 
of the 8ugai>in the solution. The Osmotic Pressure is proportional 
to the concentration of molecules in the solution, and consequently 
this sort of experiment can be used for the determination of the 
molecular weight of a dissolved substance, f'ince, however, the 
preparation of suitable ferrocyanide membranes is a matter of 
difficulty, it is more convenient to employ the “ freezing-p(/i»t ” 
or “ boiling-point ” methods for this purpose. ^ 

' The action of the seini-perineable medium is disciisseri by F. Tinker, 
Trana. Faraday* Soc. 13 (1917), 133. 
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When ii serui-penlieable medium is used to demonstrate the 
*^)smoti 9 press Ue due to a dissolyegl substfiincc, it will be obser^ved 
that the presence ot‘ tile dissolved substance actually causes a 
•suction of ])ure solvent into tlie solution. rather than an outward 
pressure ; it has indeed been proposed to call fiie phenomenon 
osmotic suction ” instead of “ osmotic pressure.” It should, 
however, be noticed that the direction of flow iA* merely determined 
by tlie conditions of the experiment. Th^^ membrane is itnper- 
meable to sugar, and since there is pure water outside the vess(^l, 
and water diluted with sugar inside it, ther^ is a resultant flow of 
water inwards so as t6 reduce th(‘ diflerence in concentration. If, 
however, the membrane were permeable to sugar and not to wat(n’, 
t,he flow would take place in the op])osite tlirection.^ 

'I'he osmotic pressure can be regarded as the pressure that causes 
diffusion— the pressure which compels the solute to distribute 
itself uniformly through the voluine of the solvent, just as a gas 
distributes itself throughout the whole volume of vessel into 
which it is introduced. And, Just as the gaseous j)ressure is due 
to the kinetic movement of the molecules composing the gas, so tJie 
osmotic^ pressure is merely a sign of tlu^ motion of the molecules 
in the solution, and bears the saim^ sort of relation to the ternpera- 
tun^ and to the volume of the solution containing a gian^anolcf-ule 
of solute as does the pressure of a gas. In fact, for very dikite 
solutions, the law connecting th(‘ osmotic pressure, the dilution 
and the temperature, is analogous to that connecting pressure, 
volume and temperature in a gas. Thus 

.tV - 

where .t is the Osmotic Pressure 

V the vf)lume containing one gram-molecule, of solute 
T th(* temperatur(‘ on the absolut(‘ scale 
and It the gas constant, the same constant as occnis in the 
analogous equation . 

pv r : j ^ 

which determines the pressure and voluine of a gas. 

Catalysis.- '^Ihe velocity of a chemical change depends very 
considerably upon the medium in whieli it is taking place. For 

^ Some interesting remarks on O.smotic Pressure are made by ,/. J. Van 
Laar, Proc. Amst. Acad. 18 (191G), ISt. 

2 The subject i.s fully discussed by K. K. Hideal and H. S. Taylor in 
Catalysis ; in Theory and Practice ” (Mae mil Ian). A good discussion of 
different theories is given by W. U. Bancroft, Tmn.s. Amer. Eltctrochnn. Soc. 
37t(1920), 21. See also E. K. Rideal, Trans. Amcr. KIcctrochem. 36 
(1919), 195. Th*fe theories of V'V . C, McC. Lewis will bo referred to in tliesection 
dealing with radiation. * 
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iuHtanco, if tlie reaction of the same .siiUstaiicc.s is stiajicd in aqueous 
solution and again in alcoholic sdhrtion, it is fo4ind that the \1:^locity 
is nearly always greatest in aqueous solution. Brobably the action 
of the solvent is only one case of the very general ‘phenomenon 
^knoTO as “ catdysis,” th(' action of an apparently inert material 
in accelerating the^ interaelion of two other suj)stances. The 
third ^apparentl^^inert) substance i.^ called a catalyst ; occasiojially 
a change appears to bo incapable of taking place -at any rate, at 
low temperatures- in the absence of such a substance. The 
catalyst is not used up in the reaction, in wjiich, at first sight, it 
appears to take no part. Since, however, the physical appearance 
of the catalyst often alters during the reaction, it is probable that 
the catalyst d(^es take a real part in the cliangc, but is continuously 
regenerated. In fact, one genei’al intt‘r])retation of tlu' actio]> of a 
catalyst can be given at once. iSiq)j)osing the direct combination 
of two substances A and B according to tlie equation 
• A + B AB 

docs not take plac(‘ at a given tenq)(‘ra(uiv, or takes place only 
slowly, the«f>r(‘senc(' of a catalyst X niay allow the combination 
to take place readily in two stages 

« A -f X AX 

AX -b B - AB + X 

Bijice X is (. generated at the end of the reaction, a small ([uantity 
of ciitalyst will promote the combination of a very large (piantity 
of the substance. 8uch a general e.xplanat ion will, however, scarcely 
satisfy an inquiring mind, for it may well b(‘ asked why the indirect 
reaction shmdd take jdace more easily than the direct. The answer 
to this question is probably ditlerent in dilTerent cases. 

Examples of cabFlysis are numerous, and may be divided into 
twp liiain classes, homogeneous and hcterogmieous. Heterogen- 
eous catalysis, being the i^iore imj)ortant phenomenon, may con- 
veni(‘ntly be. considered first. 

The combination of sul])hur dioxide and o.Kygen to form sulphur 
trioxide takes ])lace only very slowly at 300^' I00^‘ under ordinary 
eircuhistanc(^. Jf, however, the gases are passed o\ er a “ contact 
material,” such as Sj)ongy j>latinum, combination takes place 
readily at that temperatun'. The change has the (character of a 
surface action, and it is highly desirable to makh the surfaces area 
of the platinum as huge as possibh*. It. is eustojuary, thendore, to 
precipitate the platinum catalyst within a highly porous nuTss 
such^is anhydrous magnesium sulphate ; j very large active surfa'ie 
is thus obtained, and a high velocity of reaction is attained to. 

There is little doubt that the two gases, sulphur dioxide and 
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oxygen, are^^iKlsorbcd at the surface of the , platinum , tJic atoms 
being Vhus brot*ght i'.ito .closer contract thaii is possible in the gaseous 
state. They then react to produce sulphur trioxide, which is at 
once liberated. It is important, however, that^other substances 
which might be adsorbed at the platinum surface instead of the, 
reagents shoiilfl be absent. If the sulphur dioxide contains a trace 
of arsenic — a substance which is readily adsorbed by platinum and 
tenaciously held by it— the whole adsorpth e power of the platinum 
comes gradually to be taken up by the layer of firmly attached 
arsenic, and the ci^talytic activity consequently declines. The 
catalyst is then said to be “ poisoned by the arsenic.^ Various 
other substances are known to cause the poisoning of a platinum 
[contact material ; cyanogen and carbon monoxide are two more 
nxamples. Since many of the substances which are poisonous 
to the platinum catalyst interfere with the work of the enzymes — 
the^catalysts of living organisms- ♦they have frequently a poisonous 
reaction upon the human system also. Possibly ^heir effect on 
the enzymes is similar in character to their effect on platinum ; 
if so, 'the word “ poisoning ” — which serves to descril,ie the r68ult 
:if contamination of the platinum catalyst- has been aptly 
ffiosen. 

Many other examples of ehemkuil elianges promoted a cdhtact 
material could be given. The gases, oxygen and hydrogen," iior- 
rnally react only at high temperatures ; if passed over spongy 
platinum, they combine readily at low temperatures. Similarly 
platinum promotes the interaction of ammonia (NHa) and oxygen 
io form nitric acid (HNO3), whilst a nickel catalyst is used to bring 
ibout the “ hardening ” of fats by combination with hydrogen, 
[t should be pointed out that whilst the presence of a contact 
mbstance vastly accelerates the velocity of a reaction, it cannot 
liter the conditions for equilibrium. If it did, we could make, an 
iction go backwards and forwards by alternately removing and 
’cplacing the contact material, and so obtain perpetual motion. 
Presumably, therefore, in a reversible reaction, a contact material 
must accelerate both opposing changes in an equal degree. 

In homogeneous catalysis, the catalyst is distributed uni- 
formly throughout the phase in whkdi a reaction is occurring. A 
;reat many metals- siu^h as vanadium, manganese and cobalt— 
vhich form more than one series of salts are very active as “ oxygen- 
j^rriers.” The reaction of potassium permanganate with oxalic 
mid in the presence of sulphuric; acid according to the equation 

' This viev^ of tho action of a poison is well discussed by I. Langmuir, 
f. Ainer. Chem. Soc. 38 (1916), 2272-2278. See also W. F. Bancroft, Trans, 
‘inter. Electrochem. Soc. 37 (1920), 21. 
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2Kjy5i04 + 4 H 4 SO 1 + SHaCjO. = ' 

♦jMnSQ, 4- lOCOj + 8HaO.> 2KHgO, 
normally takes place only when the solution is wanted ; bilt 
if some manga:jous salt be added to the solution thiJ^reaction starts 
at ordinary temperatures. The action of a trace of a copper or 
vanadium salt in ^promoting the oxidation of an aniline salt to 
“ anjline black by potassium di^hromate, and the action of a salt 
of cobalt, lead or manganese in causing linseed oil to take up oxygen 
from the air during the process of “ drying,” may here bo men- 
tioned. In all these* cases it appears that^thc catalyst first takes 
up oxygen frojn the true oxidizing agent, forming a higher oxide 
or a salt of a higher oxide, which then passes on the oxygen to the 
substance requiring oxidation ; the original catalyst is thus re- 
generated, and the process is n>pcated until oxidation is cojiiplete. 
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,V. An^alytical Chemistry and the Determination of 
Atomic Weights * 

The praotica^. details which must bo followed in " carrying out 
the various analytical operations are described in the numerous 
excellent handbooks dealing with the subject ; in this section 
it is only necessary to make some general remarks upon the prin- 
ciples employed in clujjnical analysis. e 

Qualitative Analysis. The methods used for the detection 
of the individual metals in a compound or a mixture of compounds 
arc very varied. If the compouiK) can be brought into solution 
by the action of water or an acid, the addition of certain chosen 
reagents gives information regarding the preseiice or absence of 
certain metals. Thus, if silver be piftsent in a solution, the addition 
of hydrochloric acid will cause the appearance of a wliite curdling 
precipitate of silver chloride, soluble in ammonia ; if ferric iron be 
present, The addition of potassium thiocyanate will produce a blood- 
red coloration, due to ferric thiocyanate. But such tests must not 
be regarded as infallible ; certain complex cyanides contaiimig 
silver and ferric iron respectively fail to resy)ond to the iests (or 
either metal ; if cyanides arc present, it is best to decompose them 
by heating the substance with concentrated sulphuric acid, before 
performing the test. 

Other tests are carried out with a dry substance at a high tem- 
perature. Many metals confer a distinctive coloration if added 
in small quantities to a molten glass. Jn practice th(^ easily fusible 
glass obtained by heating borax is employed, (’qbalt, for instance, 
confers a deep blue tint upon a bead of molten borax. Many 
metals with volatile chlorides can be detected by jnoistening the 
substance under examination with hydrochloric acid, and intro- 
ducing it into a colourless flame ; most of the metals of Groups 
Ia and II a confer a characteristic colour upon the dame ; thus 
sodium produces a yellow colour, potassium a violet colour, qud 
barium a green colour. Where the colour of the flame, as viewed 
by the naked eye, gives insufficient or uncertain information, it 
may be examined througli a spectroscope ; the various spectral 
lines characteristic gf the different metals can be sought for, and 
the presence or absence of the metals in question established. 

Another class of test depends upon the reduction of the metal 
to the element/iry conditiop. The substance under examination 
is mixed with sodium carbonate (or a mixture of sodium carbonate 
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and pot a^sinin cyanide) and is heated on* clifircoal in the reducing 
dame of the blowpipe. ^If a m^ti^llic beatl is obtained, the physica-^ 
character of the bead (which nnay })e fnalfeable or brittle), anil 


in some cases the colour, help to indicate the pietal* present .• 
Moreover, flic •more oxidizable metals yield — ii/ addition to a 
metallic ])cad — an incrustation of oxide ; cadmium gives a brown 
incrustation,* Ipsifiuth an orange incrustation,* lead a yellow 
incrustation, antimony a white iifcrustation, and so on. 


Gravimetric Analysis. In order to determine accurately 
the proportion of a 01 ( 4 ! al present in the material under examination, 
it is necessary to weigh out a sample, am* to convert the whole 
of the metal present in that sam])le either 
(a) to the metallic state, 

or ( 6 ) to the condition of sAme sparingly solul)le com])ound of 
constant well-known composition, which can be 
liltercd o(T ami wi^ighed. 

d’he iirst mothod is in principle th(‘ mon^ sim})le ; the rcdtiction 
to the metallic state may be carriial out in a furnac(‘ at a high tem- 
])orature t'" dry assay”), or by the ek'ctrolysis of aii yiqueous 
solution ('^electro-analysis ”). hk)r the less easily reducible metals, 
however, it is better to ])rccipitate the metal from an aqueous 
sol dion^ns some sparingly soluble compound, which can be liltered 
oil froi;' the solution, washed, dried (usually ignited) and w'eighed. 
From th • weight of the precipitate the weight of the metal present 
in it/ is easily calculated. 

The choice of a compound suitable for the com])lete precipitation 
of a metal is limited by the following recpiirements 

(1) 'The ])reci]htate must lu' as “insoluble” as possible, in 
ord(‘F' that precipitation may lx* complete. Often a precipitate 
which is apprech:<jt)ly solubh* in pure water is much less soluble 
in water containing excess of the precipitant. In some cases (e.g, 
lead sulphate or potassiuin platinichloride) alcoliol is added to the 
liquid in which precipitation is to take |)tace in order to reduce 
the solubility of the precipitate. In many instances, the pre- 
cipitate should not be washed with ]nir(‘. ^vater, but with w^ater 
c*orrtaining*a small (piajitity of a (Fosen reag(‘nt ; thus precipitated 
magnesium ammonium phosphate is usually w^ishcd with water 
containing ammonia, whilst a precipitate of copper sulphide should 
be washed with water containing hydrogen sulphide. 

(2) The preci})itate inust be thrown down in* a form which can 
readily be filtered and washed, 'hhe most desirable kiiMi of 
precipitate is a sandy type consisting of comparatively large grains 
which do not obstruct tlu' flow of the’liquid through the filtering 
medium. Gelatinous precipitates, consisting of very small par- 
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tides clinging togethljr as flocks, give much more trouble ; they 
vtend to clogi the filter-^aper, cau^sing sllw fitration, and ov^ng 
to their voluminous character, and their capacity for the “ adsorp- 
tion” of salts, they are very difficult to wash. Under certain 
(urcumstanccs,' substances of this character — althdagh not soluble 
in the ordinary sense- may enter into “colloidal solution” as 
minute colloid 'particles which can pass throi/gh, tlie filter-paper. 
In order to avoid this trouble, ^nd to obtain each precipitatS in a 
form as far as possible adapted for filtration, the conditions pre- 
scribed in the practical analytical textbooks must be followed 
with care ; originally' these conditions have been arrived at as a 
result of experience, but recent work in physical chemistry enables 
us now to assign a reason for many of the precautions in methods 
which until recently were of an empirical character. 

(3) 3’he precipitate when heated under certain specified con- 
ditions must yield a body of constant and well-known com- 
position, which can be weighed. Often the body, produced on 
heating is essentially different in composition from the original 
precipitate ; thus magnesium is usually precipitated as magnesium 
ammonlLum phosphate MgNH 4 P 04 , but on ignition the ^precipitate 
loses ammonia and water and becomes converted to magnesium 
pyrophosphate MgoPgOy, in which form magnesium is \^ighei3. 

Where the precipitate has been filtered through an ordinary 
filter-paper, it is usually advisable (although not necessary in 
all cases) to separate it from the filter-paper before ignition. It is, 
however, impossible to avoid leaving a small amount of precipitate 
sticking to the filter-paper, and it is customary to burn the filter- 
paper after the separation and to weigh the ash along with the 
ignited precipitate. Many compounds, however, suffer reduction 
during the burning of the filter-paper. Thu^k silvet chloride is 
decomposed yielding metallic silver, but in this case it is easy to 
reconvert the silver to the state of chloride by the action of a few 
drops of nitric and hydrochloric acids, bxcess of acids being after- 
wards driven off by heat. Where, however, the precipitate con- 
tains a volatile metal, like mercury or zinc, this metal is liable 
to pass off in the vaporous state when the filter is burpt. In fuCh 
cases it is best if possible to avoid the burning of the filter-paper. 
The precipitate may, for instance, be filtered through a piece of filter- 
paper which has b(;en dried at 110° C, and weighed before use, or 
alternatively through a perforated Gooch crucible lined with 
asbestos fibre. In either case, after the precipitate has been brought 
on to the filter, and washed, the whole is again dried at about 
llt° C., and cveighed. « 

Volumetric Analysis. Somewhat more rapid, ‘although less 
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accurate, methodic of quantitative j^na^sis depend orf the process 
known as “ titration.” The «solutior^ coptainin^ the j^ubstanJo 
to be estimated is placed in a beaker, and ,a solution^ of knoVn 
concentration containing a reagent which will interact with the 
salt in the beaker is added carefully from a graduated vessel known 
as a burette^ until the analyst judges that sufficient has been added 
exactly to int^act with the liquid in the beaker ; this is said to be 
the “ end-point.” By reading the burette, it is possible to sc(i 
at once the volume of the standard reagent, which has been rc- 
{|uired to react witUthe solution in the beaker ; from this volume, 
the quantity of metal in the beaker is ea*sy to calculate. 

The “ end-point ” may be recognized by the analyst in one of 
the following ways 

(1) A colour change due td one of the reagents may occur when 
the end-point is reached. Thus when ])()tassium permanganate 
is added from a burette to ferrous sulphate contained in the beaker, 
a pink colour appears in the beaker as soon as the perniiftiganate 
is present “ in excess ” of the quantity needed to react with the 
ferrous salt. 

(2) Where the I'caction itself produces no colour change, an 

indicator may be added before titration. Tn the titration of 

i^n ac A by an alkali, a drop of })henol-phthalein is added to tho 
*acid ilouid ; as soon as the alkali is in excess, a pink colour appears. 

(3) Wfficre tho presence of the indicator in the beaker would 
interfere with the reaction, the method of a side-indicator^'' may 
])(' used. Tn the titratimi of ferrous chloride with potassium 
dichromate, the progress of the reaction is checked by removing 
dro])s of the liquid and testing them with drops of potassium 
f(‘iTicyanide on a porcelain slab. As long as ferrous iron remains 
in the beaker, •ii blue precipitate is produced where the solution 
and tho fcrricyanide come into contact ; after the end-point has 
been reached, no prccijytatc is obtained. Tliis method is obviously 
slow. 


(4) An electrometric method of determining the (‘nd-])oint may 
1 h' used. Such methods art? discussed on pages 332-335. 

'* Altho\igh any solution of accurately known concentration can 
be employed in tho burette in volumetric analysis, the calculations 
are greatly simplified if the standard solution employed is either 
normal (N ) containing one grani-e((«i valent weight per litre 


dec i normal 


ccntiiuymal 
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miUiiioriu 


g,'am-equi valent weight 
per litre. 


The grain-equiviilent w eight is the weight of the reagent expressed 
in grams, which ■will be required to enter into reaction with the 
equivalent weight of other substances, the equivalent weight of hydro- 
gen being taken as 1*008. It always bears a simple relation to the 
molecular weight. Thus the equivalent weight of sodium hydroxide 
is equal to the molecular weight, that of sulphuric acid is half the 
molecular weight, that of potassium permang{fnatc oue-tifth of the 
molecular weight, and so on. The reason for the choice of these 
fractions is to ensure that a given volume of a normal solution of 
one reagent will react with aii equal \'olume of a normal solution 
of another reagent. Thus since oife molecule of sulphuric acid 
reacts with two molecules of sodium hydroxide according to th(‘ 
equation ^ 


H,S 04 4- 2Na()H + 2H,0 


and since a normal solution of the acid contains oidy half a grano 
molecular' w'eight jjcr litre, wiiilst that of the alkali eontaiifs a whole 
gram-molecular w(ight per litre, it follows that a given volume of 
normal sulphuric acid will be neutralized exactly by a^-eqiml 
volume of normal sodium hydroxide. * 

Volumetric analysis is not directly applicable to the deter- 
mination of all substances ; the following are th(‘ chi('f cases where 
volumetric methods an^ useful 

{a) The titration of an acid by an allcaji, or vice* versa ; an 
indicator is added which undergoes a colour-change at the point 
;)f neutrality. 

{b) The titration of a reduemj ayenl by an (mdiziny aycnl or 
ciee versa. This method is of importance b(‘eaus(^ it can Ikj used 
for the determination of almost any metal which is capable of 
•xisting in more than om* state of oxidation. Before comm(*neing 
he titration, it is necessary to ensun^ that other metals of variabh* 
^alene^' are absent, and also to ensure that the metal to be detcr- 
nimxl exists in the solution entirely in oiu; state of ofiidatioi^. 
Usually the metal is brought to the low’cst state of oxidation, and 
he solution is then acidified and titrated with potassium per- 
nanganato or potassium dicliromate. The former n^quires no 
ndicator, but cannot* be. used with accuracy in th(‘ presence of 
*hlori(4*s ; the latter requin's a side-indicator, unless tlu* (deetro- 
netric method is employed. Alternatively, the medal may be 
)btai#ed in the fcigliest stab^of oxidation, and allowed to react 
vith potassium iodide ; the amount of iodine set free is then deter- 
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2Na,S,0, + I, - 2NaJ -f Nii.MK 


111 this titratioi* the fading nf tlie yellow colour diic^ to iodine gives 
warning of the approach of the end-point ; hut the colour is not 
pronounced, and Wore the iodine disappears conijlfletely, it is best 
to acVl a little starch solution, whi<?h produces a deej) blue coloration 
as long as free iodine remains in the solution. 

(r) A few volumetric methods depend on the hitemction of 
the tm> rmgents to pfbduce an insoluble salk Thus in a solution 
of a silver salt the silver may be estimated by titration with 
an ammonium thiocyanate solution, a dro]) of haric salt being 
addial as an indicator. As lopg as silver is present in (‘.\cess in 
the solution, the thiocyanate is removed from solution as insoluble 
silver thiocyanate as quicLly as it is added. But as soon as excess 
of soluble thiocyanate apjH'ars fti the solution, a blood -red cohg’ation 
due to ferric thiocyanate is prodiua'd, indicating that the end-point 
has been reached. 

Ouantifative Separation of Metals. Where the material 
under (‘xamination contains sc^veral metals, and it is desired to 
(‘st«nat- » these metals separately, some procedure must usually 
b(^ adi pted for separating these metals from each other, it is 
usually !ir)ssiblc, by the addition of a chosen reagent, to pre- 
cipitate certain nu^tals completely, whilst the others remain in the 
solution. J3y a proper sequence of operations, it will be possible 
to separate each of the metals completely from t he others, and when 
this has been accomplished the individual metals are precipitated 
in a suitable form (if not already })recipitated in such a form during 
the process'of scpai’ation) and weiglu'd. 

The quantitative separation of (me metal from another is by 
no means so simple a nutter as might be supposed from a mere 
study of the reactions of th(‘ individual salts. P’or example, if 
ammonium chloride and ammonia is added to a solution of a ferric 
salt, the iron is entirely precipitated as ferric hydroxide ; if the 
f^arfce rcagants are added to a mangane.se salt solution, no precipitate 
is produced. It might be expected that if the reagents were added 
to a solution containing both ferric and manganese salts, the iron 
would be precipitated and the manganese \fould remain in the 
filtrate. This expectation, however, is not* realized, since the 
ferric hydroxide seems to carry down manganese hydroxide with it. 
If^a complete separation of iron and manganese is desired, jf- is 
necessary to redissolve the precipitate*! n acid, and* then to repeat 
the precipitation once at least. 
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The methods of separating the individual metals from a mixture 
^,'ill depend soMiewhahon the nature of the nShtals present. But the 
gi^neral scheme adopted by all analysts consists in a separation 
of the metals i,uto certain main groups, the se 2 )aration being based 
on their varying behaviour towards certain simple ‘xeagents. The 
main groups into which the metals fall are given below, but the 
subsequent sepaVation of the metals of a singlt analytical group 
from one another will not be comsidcred at this point, being reserved 
for the analytical sections dealing with the individual metals in 
Volume II, III and IV. ^ ^ 

(1) Metals having ox\des with very feeble basic iwoperties ; these 
are either not brought into solution when the material to be analysed 
is extracted with dilute acid, or if held in solution through the pre- 
sence of alkalis, are usually reprecipitated when the solution is 
weakly acidified and boiled : 

Niobium, tantalum, tungsten. 

(2) “ IS able ” metals readily brought to the metallic state by the 
action of reducing agents, and when in the metallic state iiiidis- 
solved by most acids : 

Ruthenium, rhodium, palladium, osmium, iridium, ‘platinum, 
gold. 

(3) Metals with sparingly soluble chlorides ^ which are^,thr()^vn 
down when hydrochloric acid is added to the solution : 

Silver, mercury (in monovalent state). Also lead and thallium 
are partially precipitated from a cold solution. 

(4) Metals xvith sulphides so sparingly soluble as to be precipitated 
by hydrogen sulphide even from weaUy acid solutions. 

(а) Those with sulphides insoluble in ammonium sulphide : 

Copper, cadmium, mercury, lead, bismuth. 

(б) Those with sulphides soluble in ammonium sulphide : 

Molybdenum, germanium, tin, ansenic, antimony. 

(5) Metals precipitated (usually as hydroxides) on the addilion of 

ammonmm chloride and ammonia : ‘ 

Beryllium, aluminium, rare earths, titanium, zirconium, 

cerium, thorium, chromium (in trivalent state), uranium (in 

hexavalent state), iron (in trivalent state), gallium, *indium^ ' 

(6) Metals, not precipitated by hydrogen sulphide in acid solu- 
tion, but having sulphides sufficiently insoluble to be thrown down 
by the addition of ammonium sulphide to an ammoniacal solution : 

Manganese, cobalt, nickel, zinc. 

(7) k Metals having sparingly soluble oxalates ; precipitated by the 

addition of ammonium oxalate to a solution containing ammonium 
chloHde and a«nmonia : » 

Calcium, strontium, barium. 
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( 8 ) Metals precipitate^ as a sparingly ^sotuble phosplihie, by the 
addition of sodium or ammoniutn phospha <^6 to ad ammoniacai 
solution: 

Magnesium ; also under certain circumstances, ^lithium. 

(9) Metals not precipitated by any of the reagejits mentioned eLhove : 

Sodium, potassium, rubidium, caasium. ^ 

D^terminatifln of Atomic Weights. It is customary in .works 
on chemistry to devoid much space to the methods used for deter- 
mining the accurate values of the atomic weights of the various 
elements. Recent risearch upon “ isotopes ” has tended to 
diminish the interest taken in tlu^ exact determination of these 
values, since it has been shown that all atoms — except hydrogen- - 
have an atomic weight which, if oxygen is taken at 16*000, is an 
exact whole number ; elements like chlorine (35*46), tlie accepted 
atomic weight of which li( 3 S far from a whole number, are found to 
consist of more than one species of atom, the weight of each in- 
dividual spc(?ics being an exact integer. Nevertheless a knowledge 
of the “ mean atomic weights ” ai rivcd at by chemical methods 
remains oj practical importance as a basis of our analytical cal- 
culations, and some reference must be made to tlie means adopted 
in their determination. 

.Sfe eaflfy as 1865, Stas ^ carried out a series of careful and elaborate 
riisearclics which led to a fairly accurate knowledge of the atomic 
weights of ten elements (Ag, Cl, Br, I, K, Na, Li, S, N and Pb) ; 
the numbers obtained for these elements have been used by later 
workers in the calculation of the atomic weight of other metals. 
Subsequent work has confii'ined, on the whole, the substantial 
accuracy of Stas’s investigations, but has led to slight alterations 
in the numbprs accepted for the atomic weights of certain elements ; 
the work of RichaiVls in the revision of the atomic weights is worthy 
of special mention. 

A short summary of Shtis’s method may b(^ given. Potassium 
chlorate (KCIO 3 ) was prepared in a state of great purity, and a 
weighed quantity of this salt was converted by lunit to potassium 
(diloride (KCl), elaborate precautions being taken to avoid loss 
by^purtin^ or other causes. The chloride produced was weighed. 
The ratio of the wiaghts 

KCIO 3 : KCl 

enables us to calculate the molecular weight oi potassium chloride 
(KCl), the atomic weight of oxygen being taken as 16*000. ^ 

In another series of experiments, Stas found the quantity of 

^ J. S. Stas “ (Euvres Completes ” (MuquAdt). A good Nummary is ^ver 
by I, Freund, “Study of Chemical Composition" (Cambridge Universitj 
Press), 
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silver need^^d to precipitate the whole of tl^) chlorine of potassium 
t:ihlorido,as silfei; chlo'iide. Vcrytpurc silver was prepared for this 
\^brk, and a weiglved cpiantity wa‘s dissolved in nitric acid ; a 
\voighed quani'^ty of ])ota.ssium chloride was then added, which 
was known to be just too little to precipitate the silver completely, 
and then a solution of potassium chloride of accurately known 
concentration was added from a special dropping pipette until 
the excess of the silver was removed. In tWs way the ratio 

KCl : Ag 

* 

was obtained, and since the molecular weight of potassium chloride 
was already known, the atomic weight of silver was arrived at. 

Stas also took weighed quantities of pure silver and converted 
them into silver chlorirle, bromide* and iodide ; the amount of 
these compounds was then obtained by weighing. The ratios 
Ag : AgCl, Ag : AgBr and Ag : Ag^ were thus arrived at, and, 
the atomic weight of silver being known, the atomic w^eights of 
chlorine, bromine and iodine could be calculated. 

The ratio KCl : Ag had already been determined, and the ratios 
NaCl : Ag and LiCd : Ag were obtained in the same way. Tlu^ 
atomic weights of silver and chlorine being both know n, the atomic 
weights of potassium, sodium and lithium folio w'ed. ^ 

Again, the increases of weight when silver is converted to silver 
sulphide, wdien lead is converted to lead sulphate, and when potas- 
sium chloride is converted to potassium nitrah? (by evaporation 
with nitric acid) led to a knowledge of the ratios Ag : AgaS, PI) . 
PbS 04 and KCl; KJN^O,. 

From these ratios the atomic w'cights of sulphur, lead and 
nitrogen can be determinetl. In (‘ach ca.se 8tas was able to carry 
out alternative methods which enabled him to check the accuracy 
of the results obtained, and other methods have been em|)loyed by 
later experimenters. ^ 

The atomic weights of the other metals have been determined 
by methods not differing greatly in principle from those referred 
to above. One general method which has proved very valuable 
depends on the interaction of a chloride or bromide oh the m^tal 
(sometimes a complex chloride or bromide) in a state of great 
purity, with a salt of silver. In some cases the weight of silver 
required to precipitate exactly the whole of the chlorine or bromine 
present is determine, yielding the ratio MCI : Ag or of MBr : Ag. 
In other cayes the silver chloride or bromide obtained is weighed, 
thus affording a knowledge of the ratio MCI : AgCl or of MBr : AgBr. 
In either case the atomic w*eight of the ehanent can be calculated 
from the ratio obtained. 
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Naturally, in tlu^ case of most elements,* different workers using 
different methods have Arrived iit»sliglitly dif^erent^*\%lues Jor the * 
atomic weight of a single element. Until recently an International* 
Committee used annually to survey the rcscardi ^work accom- 
plished during tie previous year, and published a table of atomic 
w eights giving the “ most probable value ” of the number in the 
case of every* elenfent. The discovery of isotopes has rightly 
cause(^ an extension in^the functions of this (V)mmittce. 

In general the work of the determination of the atomic weight 
of any element may be^ divided into two main parts : — 

(tt) The preparation of the reagents in a stS^te of great purity. 

(6) 'Che interaction of weiglied cpiantities of those reagents 
under conditions which avoid all causes of error, and the isolation 
and weighing of the product obtained. 

As an example which will serve to give some idea of the kind of 
precautions needed, a l)rief account of the re-determination of the 
ratio NaCl : AgCl by Richards and Wells ^ may be given. <1110 
details of the jjiethod were chosen w ith a view to avoiding certain 
errors which had (altered even into the careful wairk of Stas on the 
same subject' ; much careful preliminary work was carried out in 
order to determine the conditions under w'hich tlie various errors 
coiikl be Reduced to a minimum. 

(ft) Preparation of Pure Reagents. 

Water. The traces of organic impurity in the distilled water 
of the laboratory were eliminated by redistilling from a weakly 
alkaline solution of potassium permanganate. Three distillations 
were performed, the hnal distillate being condensed and collected 
iji platinum, and stored iindtT conditions wliicli excluded dust and 
acid fumes. * 

Sodium chloride was purilied by jirecipitation from a con- 
centrated solution with pim? (redistilled) hydrochloric acid ; the 
crystalline precipitate was separated from the mother liquor (wRich 
contains the impurities) by means of a centrifuge constructed of 
platinum. Before weighing, the sodium chloride was fused to 
expel ^moistiA’c. 

Silver. Rccrystallizcd silver nitrate of considerable purity 
was treated with sodium chloride, and the silver chloride was 
filtered off from the mother liquor, which contained the main im- 
purities. The chloride was then reduced by heating in a silver 
dish with a solution of invert sugar and sodium hydroxide 
(which had also undergone careful purification). The reduced 


^ T. W. Richards and R. C. Wells, J. A?ncr. Chem. ^oc. 27 (1905), 459. 
M.C.—VOL. I. G 
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silver wats fused by means of a blast-lamp in a boat consisting of 
pure ]|me, ant^ was^ allowed to^CQol down in the reducing flame ; 
the button of almost pure silver obtained was then subjected to 
further purif^ation, being made the anode of a small electro-refining 
cell containing silver nitrate solution made from the same almost 
pure silver. The cathode was a pure silver wire, and the very pure 
silver deposited on it was again fused, care bexng taken to prevent 
the access of oxygen before cooling, since oxygen is soluble in molten 
silver. 

(6) Conversion of the Chlorine of Sodinm Chloride to Silver 
Chloride. Many of the operations were carried out in platinum 
vessels ; in some cases silver, Jena glass, porcelain, or quartz ware 
was employed. 

Freshly-fused sodium chloride was carefully weighed on a delicate 
balance in a specially designed balance-room, placed so as to 
possess a remarkably uniform tea\peraturc ; carefully standardized 
weights w^ere employed. The salt was dissolved in water, and the 
solution was greatly diluted (5 litres per mol.) in an Erlenmeyer 
flask. . It was then precipitated with an excess of equally dilute 
silver nitrate (made from the pure silver mentioned above) ; the 
employment of dilute solutions was absolutely necessary for accurate 
work in order to avoid occlusion of silver nitrate or sodiu^'i eWeride* 
by the precipitated silver chloride. The precipitate was allowed 
to settle, and after standing for 15 hours it was washed by decan- 
tation, the wash water being poured off through a Gooch crucible 
lined with asbestos fibre, previously dried at 150'’ C. and weighed. 
The precipitate was washed three times with very dilute silver 
nitrate solution, and then six to nine times with pure water very 
slightly acid ; linally it was transferred to the Gooch crucible. 
After washing was complete, the crucible was tbied, the temperature 
l)eing made to rise very slowly above 100° C. for two or three hours 
and kept at 150° C. for three hours rnore. It was then weighed, 
and afterwards the silver chloride was removed from the crucible, 
fused, and weighed again ; the small loss of weight which was caused 
by fusion was due to minute drops of water entrapped and sealed 
in the hardened silver chloride. ^ 

Various corrections were applied. Minute amounts of chloride 
carried away by the wash water were estimated by an instrument 
called the nephelometer, which enables the cloudiness of the liquid 
under examination to be compared with that of a cloudy liquid 
prspared from standard solutions. Silver chloride is not quite 
insoluble in pure water, but the solubility is greatly reduced by the 
presence of hxcess of silVer nitrate. If, therefore, the different 
portions of the wash water and filtrate are treated with silver 
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nitrate, a "Cloudiness is produced,* and th*e dloudy liquid can be 

examined in the nephelometer ^ncji th^ quantity of' silver chloride 
removed in solution by the wash water dan ^hu8 te allowed for.* 
A small correction was also made for the minute amoiipt of asbestos 
fibre carried thA)ugh the crucible. * 

Ten complete analyses were made, using reagents obtained from 
lilTerent sources, afid purified' in slightly dilTereift ways. Th(^ 
•esultff of all ten experiments shov? a v<‘ry remarkable agreeifieni, 
atio AgCl : NaCl varying between 100 : 40 77S and 100 : 40-7S2. 
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^ VI. Thermo-Chemistrv ^ ^ 

Exothermic and Endothermic Changes, Most chemical and 
physical chang<\s are accompanied by an cvo'Tut.iojI or absorption 
of heat-energy; those which involve an,. evolution of hc'Sit are 
called exothermic ; those which cause an absoiption of heat are 
called endothermic. ^ 

Interesting examples are atlorded by the “latent heat” effects 
connected with simple physical changes. Heat is (ivolved when 
steam eoiuhaises to Avater, and is absorbed durijig the opposite 
])rocess, tlie conversion of water tii steam. Jn just the same way, 
the freezing of water is an exothermic change, whilst the melting 
of ice is endothermic. It is the absorption of heat by meltijig ice, 
which allows ice to survive for a considcrabh* time isi surroundings 
of which tht‘ temperature greatly exceeds 0"' C. 

The^ majority of chemical reactions which take place readily 
under ordinary conditions are exothermic ; often theorise of tem- 
perature accom])anying a change is very marlaal. The heat 
of combination of carbon with oxygen, a reaction upoiu'i’hiwh the* 
maintenance of the teniperature of most of our furnaces depc 7 nds 
(directly or indirectly), may 1)(‘ rpioted. (^arbon unites with 
oxygen in two stages — 

2C -f ()., 2(X) 4- o8, (100 cals. 

2CO -f 0, - . 2C(), + 135,920 cals. 

The total h('at-evoluti(m is obtained })y adding tlu^ two erpiations 
together : " ' 

2C i-20, :2C(.),+ 193,920 cals, 

or (1 -f 0, - CO, + 9(), 960 cals. 

The figures quoted show that two-thirds of the total heat are 
evolved in the second stage. Consequently it is often convenient 
to use carbon monoxide (CO) as a gaseous fiad (“ producer gas ”) 
for the heating of furnaces, in the place of solid coal. 

The combination of most elements with oxygen results in ai] 
evolution of heat ; when the heat development is sufficient to 

produce light, the process is termed combustion. 

0 


Much information on this subject is given in “ Thermo-Chemistry,” by 
J. Thomsen (Lbngmans, GroeVi & Co.), from which source most of tlie values 
for tlio heat of reactions mentioned in this section are taken. 
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Tlio boat of neutralizrftion of stpiig'ackls by strong alkalis has 
already been alluded to. It can be expresscd*by tAe equation ; — 

OH' 13,700 cals.’ 

• 

Most anhydrous (water-free) salts (anhydrous calcium chloride, 
(JaCh, for example) dissolve in water with tln^ evolution of heat- - 
a provable sign *that coinbinatioif between the salt and v’ater 
actually occurs. Hydrated salts, such as CaCloGHaO, on the 
other hand, lower the temperature of the water in which they 
dissolve. Nor is this Surprising, seeing that* such solids contain 
more water than salt ; the dissolution of hydrated calcium chloride 
has, indeed, been compared to the melting of ice. 

Whilst most exothermic processes take place readily, endothermic 
processes, which involve an absorption of energy, are often ditiicult 
to bring about at ordinary temjieratures. in homogeneous re- 
versible reactions, where a balan^H^ between twa) opposing cha^iges 
is ])ossible, equilibrium is established at^ low temperatures only 
when the (‘xotlu'rmic chajige is nearly complete. If, however, 
the tenq)erHiiire is raised the equilibrium gi’adually shifts, niaking 
possibh' the existencic of a larger proportion of the endothermic ” 
^bodies in the equilibrium mixture. Consider, for instance, the com- 
bination o*[ oxygen and nitrogen, the two main components of air, 
tv» form iiitrio oxide (NO). 'Phe reaction is a balanced one:— 

N., -f (),c^2NO. 

The formation of nitric oxide (NO) is, how(^v(‘i’, highly endothermic, 
and even at the higli ttMuperatnre of 1538'' C. air contains — when 
a state of ecpiililirium has been reached- - only 0-37 per cent, of 
nitric oxide. ,Tf wc raise the temperature to 1022'^ (C however, 
0-97 ])er cent, of nitric oxide can exist, whilst at 2402'' C. the mixture 
contains as much as 2-23 per cent, of the endothermic gas. 

The shifting of the equiSbrium in the endothermic direction 
through the raising of the temperature is only one* instance of what 
is known as Le Chatelier’s principle, which can be stated in this 
way : If a system is in equilibrium, any aiteration of the con- 
ditions will shift the equilibrium in such a sense as to oppose — 
and mitigate — the alteration in the conditions. 'Phus if we have 
nitrogen, oxygen and nitric oxide in equilibiium at, say, 1538°, 
and endeavour to raise the temperature, the equilibrium will be 
shifted in such a sense that more nitric oxide will be formed, and the 
heat absorbed in its formation wall oppose - and partially nullify — 
our endeavour to raise the tonperaturc. ^ • 

The same principle can be applied to the shifting of equilibrium 
by change of pressure. Ice occupies a greater volume than the 
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water from r/hich it is formed. If wc hdv^e a mixture of ico and 
♦ water in equilibrium at 0° C. under atmospheric pressure, and wo 
then apply an increase of pressure, the equilibrium is shifted and the 
ice begins to inelt ; this causes a decrease in volume, and opposes 
the attempt to increase the pressure. In other words, pressure 
lowers the melting-point of ice. In materials i/hich are less bulky 
in the solid condition than in the liquid condition* increase of pres- 
sure raises the melting-point. 

Free Energy and Internal Energy. A\\ chemical and physical 
changes involve a passage from a reactive condition to a stable 
condition. Consider, for instance, any balanced reaction, of the 
type:— 

A + B^AB. 

If we start with the mixture of A and B, the mixture possesses 
reactivity- the power fo react to^form a certain amount of AB ^ ; 
but, as AB is formed, and equilibrium is approached* the reactivity 
of the system diminishes, reacliing a minimum when the equili- 
brium 'proportions are arrived at. On the other hand if we start 
with tlie pure compound AB, this also possesses reactivity— the 
power to dissociate into A and B ; but here again the reactivity, 
of the system declines to a minimum as dissociation pr(fceo(f4 and 
the equilibrium proportions of A and B are approached. 

Can we not find some means of expressing quantitatively these 
vague ideas of “reactivity” (the “ tendency to react”), and of 
“affinity” (the “ tendency to combine”) ? At one time certain 
chemists — impressed with the fact that ^nost spontaneous changes 
were exothermic — thought that the evolution of heat accompany- 
ing a reaction was an appropriate measure of the “ tendency to 
react.” But such a view is in contradiction with the fact that 
numerous endothermic changes are known which occur spon- 
taneously.- * 

It is now agreed that the " free emu’gy ” of a system is a suitable 
measure of the power to react. The free energy can be defiiual 
as the “ maximum work ” which can be done (at constant volume 
and constant temperature) by the system in coming to equilibrium ; 
the free energy will cleaily diminish as the system approaches 


^ The employmciy; of the vague tenii “ reactivitif,” used here in order to 
introduce the conception of free energy, has, of course, no connect ion with the 
employment of the word “activity,” in chemical kinetics, in connection 
with certain molecules which have been “activated ” by the absorption of 
i^idiant energy, or in some other way. 

2 A good criticism of the V;o-called Thomsen-Bertholot principle is given 
by W. C. McC. Lewis “ System of Physical Chemistry ” (Longmans, Green), 
Vol. II, pp. 310, 341 (1920 edition). 
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equilibrium conditions, f An example ♦of* how the work ” duo ^ 

to a chemical reaction can be obtained will ht given shortly ; for 
the present it is sufficient to state the general fact that a cjicmical 
or physical change will only occur spontaneously in suflh a direction 
as will cause a diminution of “ free energy,” ^ 

Sometimes a ch^ge takes place in stages, eaclv stage corre- 
spondffig to a diminution of free •energy. Thus the reaction of 
chlorine with alkali can be made to take place in the following 
stages 

24NaOH + 12dj 12NaOCl + 12»aCl + 12HjO 
4Naa03 + 20NaCl + I2H2O 
— > SNaClO, + 21NaCl + 12H,0 
— > 60, + 24NaCI + 12H2O 

In this particular case, the d 'crease in the free energy is accompanied 
at each stage by a decrease in oxidizing power, which is well kaown 
to all who have used these reagents. We start with two highly 
reactive substanc('s, chlorine and alkali, the former a most violent 
oxidizing a^ent. The (irst product, sodium hypochlorite, IVaClO, 
is still a powerful oxidizing agent, although less powerful than free 
(ffiloT'ine ^ The second product, sodium chlorate, NaClOj is some- 
what less reactive, although still a moderately vigorous oxidizer. 
The thiid product sodium perchlorate, NaC104, is more stable still, 
and the iinal products, oxygen aiul sodium chloride, represent 
maximum stability and minimum free (‘uergy.- 

How does this notion of f !•('(' emu'gy accord with the former 
crude, inexact, although (*ften serviceable, conception that the 
magnitude of the heat-evolution accompanying a reaction is a 
measure of eageryess ” of the substance's to react ? For changes 
at constant volume, wo can regard the heat evolution as being a 
measure of the diminution in the “ internal energy ” of the sub- 
stance's taking part in the changes. Now at very low temperatures, 
at which the equilibrium of a balanced reaction is practically at 
the exothermic end of the scale, the diminution in the “ free energy ” 
and jn the internal energy ” attending the change will bo almost 
equal. As the temperature (T) becomes higher, and the equili- 
brium is shifted in a direction favourable to the endothermic change, 
the diminution in free (mergy (A) and the diminution in internal 

^ An interesting paper by A. Korevaar, J. Phys. Chem. 25 (1921), 304, 
who points out that some physical chemists have used the term ‘ ‘ alU^ity ’ ’ 
to represent a force, and others to represent the work connected with a react^Jn, 
may be referred to. • • 

* Compare W. Ostwald, “ Principles of Inorganic Chemistry.” Trans- 
lation by A. Findlay (Macmillan). 
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water from r/hich it is formed. If wc hdv^e a mixture of ico and 
♦ water in equilibrium at 0° C. under atmospheric pressure, and wo 
then apply an increase of pressure, the equilibrium is shifted and the 
ice begins to inelt ; this causes a decrease in volume, and opposes 
the attempt to increase the pressure. In other words, pressure 
lowers the melting-point of ice. In materials i/hich are less bulky 
in the solid condition than in the liquid condition* increase of pres- 
sure raises the melting-point. 

Free Energy and Internal Energy. A\\ chemical and physical 
changes involve a passage from a reactive condition to a stable 
condition. Consider, for instance, any balanced reaction, of the 
type:— 

A + B^AB. 

If we start with the mixture of A and B, the mixture possesses 
reactivity- the power fo react to^form a certain amount of AB ^ ; 
but, as AB is formed, and equilibrium is approached* the reactivity 
of the system diminishes, reacliing a minimum when the equili- 
brium 'proportions are arrived at. On the other hand if we start 
with tlie pure compound AB, this also possesses reactivity— the 
power to dissociate into A and B ; but here again the reactivity, 
of the system declines to a minimum as dissociation pr(fceo(f4 and 
the equilibrium proportions of A and B are approached. 

Can we not find some means of expressing quantitatively these 
vague ideas of “reactivity” (the “ tendency to react”), and of 
“affinity” (the “ tendency to combine”) ? At one time certain 
chemists — impressed with the fact that ^nost spontaneous changes 
were exothermic — thought that the evolution of heat accompany- 
ing a reaction was an appropriate measure of the “ tendency to 
react.” But such a view is in contradiction with the fact that 
numerous endothermic changes are known which occur spon- 
taneously.- * 

It is now agreed that the " free emu’gy ” of a system is a suitable 
measure of the power to react. The free energy can be defiiual 
as the “ maximum work ” which can be done (at constant volume 
and constant temperature) by the system in coming to equilibrium ; 
the free energy will cleaily diminish as the system approaches 


^ The employmciy; of the vague tenii “ reactivitif,” used here in order to 
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Thermo -chemifi^trji of Industrial^ Processes. iVoarly all ^ 
the changes with which chemteal {ndiistry is (»onceyn?d arc#difficiilt 
to bring about directly, for the simple reason that the ^minerals 
found on the earth have had plenty of time to cor^pletc the kind 
of changes which occur spontaneously ; they arc, therefore, singu- 
larly stable sijbstapces, which do not react with onc^ another unless 
energy is supplied from outsider. , The most marked exception is 
coal, the combustion .of wliicli is the main source of the energy 
recjuircd for other reactions. 


Since most of the iiietals o\'olv(^ lieat when they combine with 
oxygen, it is clear that the opposite process- the liberation of the 
metal from an oxide- - would cause the absorption of heat. In the 
technical reduction of oxides to the metallic state, the oxide is 
usually heated with carbon, or ^vith carbon monoxide, which com- 
bines ^\ ith the oxygen and removes it from the metal. The com- 
l)ustion of (iarbon oi* carbon ^monoxide if regarded by itself — 
-would cause the evolution of much heat, and this fact reduces the 
endothermic character of the nudallurgic'al ])roeess and may even 
lender it exothermic.^ , 

For instance, the simple deeom])osition of fcnic o.xide, the, 
('ssential component of lucmatite iron ore, into iron and oxygen, 
a(!C(,;di»g to the equation 


HFe.O;, 4Fe + :U), 


would (if indeed it could b(‘ carried out at all at any temperature 
obt ainabk^ in an ordinary furnace) involve the absorption of 398,800 
calories. But if the reduction is carried out by means of carbon 
monoxide, the combination of tlu' carbon monoxide and the oxygen 

according t(^ th(‘ equation 

• ‘ 

()CO + 3(), ()(4), 


would cause tlu' (‘volution'of 3 ■ I3o,020 cals. ^ 407760 calories. 
4'hus tlu^ combined metallurgical reaction 

^Fe.O;, 4- tHX) 4Fe + 6CO, 

'* * 

will be mildly exothermic, the net evolution of heat being 407, 760- 
398,800 ~ 8,960 calories. 

Industrial processes involving the absorption of heat-energy 
are coramoidy carried out in furnaces at comjwatively high tem- 
peratures. For liighly endothermic changes such as the production 


^ Tlie thermo- chemical data collected in ^hapler Xl of^ir W. Robe?ts- 
Auston’s “ Introduction to the Study of Metallurgy (Griffin) may be con- 
sulted with advantage. 
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,of nitric oxide,, the electric .furnace, which puts extremely high 
temperatures at" our ''disposal, has;'proved invaluable. The pro* 
duction of calcium carbide, which involves the absorption of about 
116,000 calorics per gram-molecule, is only possibly in the electric 
furnace. The introduction of electrolytic methods (as opposed 
to electro -theriXial methods) has, however, made* it possible to con- 
duct many reduction processes at ordinary temperatVires, the ei|prgy 
being supplied, not as heat, but as electricity^ 
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VII. Radiation 

• • 

General. When a hot body is siiiTounded by other bodies at 

a lower temperature, .it loses heat by “ radiation ” : the heat lost 
by the hot body is gained by those around it, and the process con- 
tinues until the difference of temperature becomes imperceptible. 
Similarly if the central body is at a lower temperature than the 
surrounding objects, it will gain heat by radiation. Under equili- 
brium conditions, when the central body is at the same temperature 
as its surroundings, it can be regarded as losing and gaining heat 
at the same rate, witli the result that no alteration of temperature 
occurs. ^ 

It is welbkiiown that substances (those with bla^k sur- 

faces) absorb radiation well, whilst other bodies (those with bright 
surfaces) absorb very little, but reffect ])raetically the whole of tlu.; 
radiation striking them. It might appear as a result that a black 
body surrounded by bi'ight objects would necessarily come to a 
h'gkei^temperature than the latter. This, however, is not the 
[’lise, because those surfaces which absorb heat most rcaidily, also 
emit or radiate heat most completely. A black body is therefore 
the better radiator of heat than a bright body. 

Since the heat of the sun reaches us after ])assing through 
millions of miles of space, it is evident that the transference of 
radiant energy ” does not depend upon the presence of matter 
along its path. It has for some centuih'S Ixam thought that light- 
rays are a {orm of* wave -motion, and gradually it came to bo recog- 
nized that other kinds of radiation which do not affect the human 
eye are essentially similar, in character. About 1888, the Hertzian 
waves — similar to those now used in Wireless Telegraphy— were 
produced by ek'ctro-magnetic means. They differed from the 
visible rays in having a vastly longer “wave-length,” but moved 
wi\h the same velocity (in vacuo ) ; the general identity of the tw(j 
kinds of radiation was gradually established. This gave support 
to the views previously advanced in 1865 by Clerk Maxwell, who 
believed that the visible rays have, also an .^ectro- magnetic char- 
acter. * 

In 1895 Rontgen discovered the X-rays, a series whicli^ have 
a far shorter wave-length and higher frequency than the visible 
rays ; they are produced when “ cathode ray particles ” (quickly 
moving electrons) strike against a metallic surface. It is now 
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believed that X-rays are cf|uspd the displ'acemont of an electron 
belonging to one of the inper rings of the raetallic atom ; possibly 
such an ejectron is knocked out of place by the cathode ray particle, 
and the energy, liberated as the atom returns to it^ original con- 
dition takes the form of the emission of the X-ray. The X-rays 
can penetrate m^iny substances which are not trajispanent to light ; 
hence ^heir use in surgery. More necently they have' been employed 
to detect flaws in th(‘ interior of metal castings with considerable 
success,^ whilst, in the field of pure science, they have enabled such 
workers as W. H. and W. L. Bragg, Debye and Hull to obtain an 
insight into the structure of crystals, leading to the results which 
have already been discussed. 

For the sake of clearness, a table is given below showing the wave- 
lengths and frequencies of various kinds of radiation. 


Type of Radiation. 

Hertzian or “ Wire- 
less ” Waves . 

" Short Waves ” used 
in Marconi System 

Infra-Red Waves (In- 
VLsible) 

Visible Rays (rt|>j)roxi- 
inate ranges only) : 

Red Rays 

Orange and Yellow 
Rays .... 

Green Rays . 

Blue and Violet ibrys 

Ultra-Violet Waves 
(Invisible). 

X-Rays and y-Rays 

Principal Palladium 
Line (Bragg) . . 


Wave-length (A), 

-I cms. to lU kilos, 
(about a miles) 

metres 

Over 7,700 >; lO'"' ems. 

7 , 700 / 10 -''((»liG 7 U x Bv^mis. 

0,470 X 10 '" to r >,.000 - lO'Vms. 
,.700 ■ 1 O'" lo 4,920 N 10 -Ym.s. 
14,920 :• 10 -"(o:i ,000 lO-Vms. 


Frequency (t>). 

7-.“) , . 10** t(» 0 X 

I 

1 • 10" 

Less Ilian ib9« , B** 

:b9xl0’^to4 0 <101^ 

4 0 X 10’ ‘ to o o 10^^ j 
O-.OxlO’GoO-l ,-:loi< j 
O-l :• lO’GoS lt xlO^^ I 


Less than 3,000 X 10“^ ems. More thai\ S 3 10^'* 

8-4 ■;Br"fo0 07xl0-^"cms. 3 t>>; 10’ ' to 4 3 x 


0 o70 :< 10' c/ns. 


r,-2l xio*' 


It will be noticed that the frequency increases as the wave- 
length diminishes. This is 
indeed a necessai*y coif^e- 
quence of the fact that all 
the weaves move with the 
same velocity. For imagine 
(Fig. 14) a train of waves 
moving past a fixed point, P, 
rt’ith velocity p. The frequency (j'), that is the number of wave- 

h • 

^ A general summary of the subject, with bibliography, is given by Sir. R. 
dadfield, Trans. Faraday Soc. 15 (1920), 1. 


-< — . Direction oD advance of 
p reaves with velocitfy v 



• • --X-— ’ 
Fm. ]'4, 
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crests arriving at P*eac*h second, js ck»arl|r equal to,^,^w£ero X is the . 

wave-length, the distance frojil the peak* of one wave to the peak’ 
of the next. Now the velocity, v, is the same for alUwave's moving 
through space* being equal to 299,940 kilometres per second. It 
follows that the frecjuency (r) is inversely proportional to the wave- 

hmgth (A). * • * , 

Afl the waves mentioned in the table above ar(^ capable of pro- 
ducing heat when absorbed by matter. Many of them, howevc^r, 
produce other effects^far more striking. 44iose with wave-lengths 
shorter than about 5,000 X 10"® cms. cause? the decomposition of 
silver salts, and therefore can be used in photography. Rays with 
wave-lengths between 7,700 x 10"® and 3,000 X 10"® cms. produce 
the sensation of light to the eye, the colour varying according to 
the frequency. 

All solid and liquid substances, by virtue of the vibrations of the 
atoms or electrons, ar(‘ capable of sending o\it radiation, but at 
low temperatures the waves are of too small a frequency to affect 
the eye. As the temperature rises, however, and the movement 
becomes hiore violent, weaves of increasingly high frequency are 
produced along witb t hose of low frequency, and, at about 515^ C., 
all substances biggin to glow with a dull red heat ; at higher 
temperatures, they become bright red, and tinally at very elevated 
tempci^vturcs, they attain ‘‘white heat.” So long as the mat(Tial 
in question is a black (non-transparent) body, the proportion of 
different wave-lengths present in the light mnitted depends only 
on the temperature ; in other words, all “ black bodies ” at a given 
temperature have the same “ emission spectrum.” This is not 
t he case if the body is transparent to radiation of any particular 
wave-lengtiV An.cxplanation of the distribution of wave-lengths 
in the spectrum of a black body, and its variation with the tempera- 
ture, is afforded by Plaqck’s “ quantum theory,” which will be 
referred to at a later stage. 


Refraction and Reflection of Light on passing from one 
Medium to another. In general, when light-waves pass from 
one^cdiifm to another, they suffer a change of direction ; short 
waves arc deflected more than long waves. The amount of the 
angular deflection depends on the angle at which the rays strike 
the boundary between the media, and also iqimn the nature of the 
media. * 

It is possible to assign to every material a number calk'd the 
“ refractive index.” When light passes from one materiai^to 
a second material whosi^ refractive Adex is ver/ different from 
that- of the first, it is likely to suffer a considerable deflection. 
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Where, hoT'ever, the Second medf iim has a ^refractive index nearlj^ 
the same as th». first, t^iere'vdll be a n^uch smaller change of direction. 

If the refractive indices of the two media be //j and respectively, 
and if a light- ^)eam tefore striking the surface separating the media 
makes an angle of 0i with the line perpendicular to that surface, 

and after suffering “refraction,” makes an angle do (see Fig. 15), 

a » 

then sin 0^ 0i k 

ft. 

When tlie two media have the same refractive index, so that 
fti - f to, it follows that Oi 0, : in other* words, tlun’e is no 
alteration in the direction of tlu^ light-beam. In any case tluax' 
is no alteration in direction, wluai the light falls in a direction jXM-- 
peiidicular to the interface, for tlum 
both 0i and 0, are equal to zero. 

Upon the change of direction of 
light, ‘passing from one medium to 
another is founded the 'principle of 
the microscope, the telescope, the 
spectroscope, the camera a id practi- 
cally all optical instruments ; to the 
optician a knowledge of the refrac- • 
tive index of a glass is of fhelKr^t 
importance. As a rule, heavy glasses. 

Fro. 15.— Doflection of a Ray on containing lead and barium, have a 
higher refractive index than glasses 
containing only the lighter metals. 

But there is another equally important phenomenon which 
occurs when hght passes from one medium to a second ; a certain 
fraction of the light is reflected at the interface. The fraction 
reflected is always small, but is in general greater when the 
refractive indices of the two media differ greatly than wlien they 
are close together. When a thin slab of glass is placed, for instance, 
on a wooden table, the amount of light reflected at the surface 
is but trifling ; the wooden surface will still be seen through the 
glass, the presence of which may easily escape observation. JBut 
if, instead of the slab of glass the table is covered with a layer of 
glass powder of the same thickness, the effect is quite different. 
The light now has to pass across hundreds of glass-air interfaces 
before it reaches t}\V wood, and, although the amount reflected 
from each interface is trifling, the aggregate reflection is very con- 
siderable. The whole surface appears white, and the wood below is 
conl^jletely hitldpn. If, now^the glass powder is wetted with water, 
the reflection is diminished, for the refractive index of water is 
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nearer to* that of glasj than is jhe refrtictlve index of aii’ ; the 
powdered glass appears to haYO^r()cov(^ed son^e of transparency 
of the solid plate. If, instead of water; the glass is wetJed witK 
cedar oil, which has a refractive index quite close to that* of glass, 
the reflection dfeninishes still more, and the colour of tlie wood below 
is easily seen. 

Now when "a colt of paint is put on wood or me'al, the coating 
consists of a large number of ft'ansparent ])articles of pigment 
suspended in a film of dried oil (the “ vehicle”). Light passing 
through a film of this kind is reflected wherever it passes into, oi’ 
out of, a pigment ptirticle. In order to •btain satisfactory 
flection of the light by means of a thin coat of paint, it is necessary 
to choose a pigment whose refractive index is very ditTereiit from 
that of the vehicle. ^ 

Nearly all practically useful pigments are heavy substances— 
compoimds of lead, zinc or bariunc which have high refractive 
indices, greatly exceeding that of the vehicle. ►Substance^ with 
low refractive index have small “ covering power/’ or, as it is 
sometimes called, “ hiding power ” ; a comparatively large quan- 
tity of sudi a substance is required to prevent the wood dr metal 
below from showing through the film. Another requirement of a 
pigment of good covering power is evidently that it should exist 
ir^ a* fiife state, so as that light penetrating the paint-coat meets 
a large number of oil-pigment boundaries before it can reach the 
wood or metal below. 

Whilst the light striking the surface of a transparent substance 
like glass suffers but little reflection, the reflection at the smootli 
sm’faco of an opaque substance, e.g. a imflal, is considerable. Lhe 
law governing the direction of the reflection of light at. a plane 
surface is awery simple one ; the ray after reflection remains in the 
])iane containing tEe incident ray and the line drawn normal to the 
surface at the point of incidence, and makes the same angle with 
that line as does the incipient ray. 

Continuous Spectra and Line Spectra. By means of a 
spectroscope, tlie light proceeding from a hot body can be analysed. 
ForAe purposes of a chemist, a prism -spectroscope is quite coii- 
venient, although the physicist often prefers an instrument fitted 
with a diffraction grating. A glass prism causes all waves striking 
upon it to be deflected in their course, but the.short rays are more 
deflected than the long rays, and the rays of different wave-lengths 
are thus separated from one another. If the light from a white-hot 
solid is examined, a continuous spectrum ” is seen, con- 
sisting of red at one end, passing insenitbly into oratige and yell?5w, 
which in turn passes into green, and from green into blue and violet. 
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This contiFiioiis spect^rum shows jthat “ wh^te light ” contains rays 
of all the wa\i3-'j.engt|)s to* which Ihp joye is sensitive. If, however, 
'in the jhace of a solid, wh use a glowing gas as the source of light, 
we usually ol^tain- not a “ continuous spectrum but a “ line 
spectrum.” 'hhe visible spectrum of a flame coiliaining sodium 
vapour appears to be a single yellow line (the “ D line ”), which, 
in a spectroscope of high dispersive power, mky ,be found to be 
]-eally' a pair of lines very close together ; actually the contplet(> 
sodium spectrum contains more than this one pair of lines, but only 
the “ 1) ” pair falls on to the part of the S|)ectrum visible to the 
eye. The pair correspond to wave-lengths of 5,896 X lO'® and 
5,890 A 10-« cms.i 

If we pass the light from an intensely hot solid body through a 
flame containing sodium vapour at, a lower temperature, we obtain 
the usual bright continuous spectrum of the solid body, but- at 
just that place where the yellow line of the sodium spectrum should 
fail- ive obtain a line which, compared to the rest of tlje continuous 
spectrum, is extrenu'ly dark. This is easily (explained. The sodium 
vapour is a specially good radiator of rays of w'ave-lengths 5,890 X 
10’® and 5,896 x 10"® erns, ; it follow s, therefore, that ^t will also 
have a strong absorptive power for the same rays ; consequently 
it has e.vtracted light of these particular wave-lengths f;|jon^the 
continuous spectrum of the hot solid, with the production of the 
dark line. Numerous dark lines occur in the otherwise continuous 
spectrum produced by the light from the sun ; one of them corre- 
sponds in position to the D line of sodium, and therefore wo know 
that sodium occurs in the sun. In exactly the same w^ay, thc! 
presence in the sun of numerous other well-known elements has 
been detected. 

Spectrum Analysis. TJk^ spectroscope is* extreiiiely useful 
in chemical analysis for the recognition of metals in a salt-mixture, 
especially for metals of Groups Ia and IJa, all of which yield well- 
marked lines. Very small quantities of the elcfuents can be recog- 
nized, such as wnuld be difficult to detect in any other way. In 
searching for one of these metals, it is usually sufficient to moisten 
the substance to be tested with hydrochloric acid, to introdiAe it 
into a colourless flame and to observe the result in a spectroscope. 
If, however, it is desired to look for one of the less volatile metals, 

^ The cause of the ehlissioii of radiations of certain definite wave-lengths 
by substances in the ga.seous state, and the conclusions regarding atomic 
structure which have been founded upon the study of line spectra, is too large 
a subject to be discussed here. Reference should be made to the papers of 
N.<^ohr, PhiU-Mag. 26 (1913), 1, 476; 27 (1914), 506; Zeitscli. Phys. 9 
(1922), 1. Sir .T.M. Thomson, fihil. Mag. 36 (1920), 419. J. W. Nicholson, 
Tran, 9. Chem. Soc. 115 (1919), 855. 
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a higher teiiiperatiire,(o.Jf. that of i|ie elee^rie arc) njust iTc used in 
order to vaporize the metal in* (Question. ^ , 

If a s[)e(;troscope is not at iiaiuh the colour of llic llamo alone 
sometimes allows the chemist to judge of the natur|» of the sub- 
. stances introduced into it. Sodium salts give a yellow flame, 
potassium salts^a p\jrple flame, barium salts a green ^lame, and so 
on. The simple flame tests ” are, however, somtnvhat uncertain ; 
severaf metals, for instance, give red flames which- unless viewed 
through a. spectroscope — may bo mistaken for one another. More- 
over if a. mi.xture contaiiis much sodium, the ytdlow colour producc'd 
is likely to mask the elTect of the other metals. 

Absorption Spectra. The natural colour [)oss(‘ssed by many 
substances at ordinary ttmiperatures is generally due to the fact 
that the substances display selective absorption of the light passing 
through them. A solution of potassium permanganate, for in- 
stance, absorbs some of the yilloAV and green rays of sunlight 
very completely, whilst allowing the i‘cd, blue and violet rays to pass 
without much loss ; it po.ssi'sses consiMpieni ly a riaidish- violet colour. 

By viewing' tlu^ light- which has passed through a coloured solution 
in a spcctros(‘ 0 ])i‘, the “ absorption spectrum ” can be studied. 
^Tlius a solution of potassium permanganati^ shows live fairly shai j) 
absorfuhMi bands in the yellow and green. .All the pmauanganates 
- includ. iig permanganic acid - show tlu^ same bands within 
exactly tin same limits, a fact that suggests that they are due to 
the (MnO.,)' ion, or possibly to the (MnOJ group. ' 

Neaj’ly all the metals with brightly-coloured salts occur in the 
central jiortion of the jieriodic tabic, although colour is also met 
w'ith in the group of the rare earths. Ihe jiower of sidective absorp- 
tion seems in general to be conncided with variable valency ; metals 
with fixed valency have usually colourless salts. Vhriabk' valency 
suggests that thci c.iTaiigemeiit of electrons in the outer shell, or 
ring, of the atom is (aipablc of variation, and that the r(^straints 
holding t-lie electrons in their positions an^ j)ro))ably smaller than 
in atoms of lixinl valency. (Consequently, these electrons can 
be displaced by light of (a>mparatively low frequency (i.e. 
visible *Iight], and such light is consequently absorbed, giving 
rise to colour. On the other hand, in atoms of fixed valency, the 
restraint holding the electrons in position is so great that the 
electrons can only be displaced by liglit of high frequency; 
selective absorption in the invisible ultra-violet region may occur, 
but this will not, of course, produce colour in the ordinary sense 

^ See W. Ostwald, Zcitsch. Phys. Cliem. 9 583, b\il ais^ T^. 11. MertonlT 

Trans. Chem. Soc, 99 (11)11), 837. Compare A. H. Hantzsch, Bcr. 41 (1908), 
1216, 4328; Zeitsch. Phys. Chem. 72 (1910), 302. 
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of the word. ^It is not^warthyf that in se^ireral metals most o.^ the 
salts arc cofeifrless/ but one or t\ifo‘ exceptional compounds have a 
yellow, tinge. For instance, most of the silver salts are colourless 
to the humap (‘,ye, because the selective absorption which occurs 
lies in the ultra-violet region beyond the limit ot visibility. But. 
in the case the iodide, the absorption expends a little farther 
in the direction of low frequency, and visible blue' rays are absorbed 
also ; consequently silver iodide has a yellow colour.^ 

The study of an absorption spectrum is occasionally useful to 
identify a metal in^a solution containing r/arious salts. Some of 
the rare earth metals, notably neodymium and prasiodymium, have 
very cliaracteristic absorption spectra ; the separation of these 
metals from others of the group, and from one another, can con- 
veniently be regulated by the aid of the spectroscope. 

In most cases where the colour of a solid substance appears to 
be due to light reflected from ,the surface, closer investigation 
shoWs that part of the liglit actually sinks some wa^y into the sub- 
stance before it is reflected, and therefore suflers selective absorp- 
tion. • For instance, when light strikes a heap of loose powdered 
lead chromate, many of the rays penetrate several grains before 
being reflected from some chromate-air interface within the heap. 
During the passage through the pigment, blue rays arck ■"^sorbed' 
more than others, and the emergent light has, as a whole, a ydlow 
colour. The colour will be more intense if the powder consists of 
coarse grains than if it consists of fine particles, since in the first 
case the light will penetrate through a greater thickness before 
being reflected. Similarly large crystals of copper sulpbate are 
distinctly blue, but when ground in a mortar yield a pov'der which 
appears nearly colourless. 

Surface Reflection. As opposed to the coloration due to 
seJerJive ahsorption of light whicli penetrates through the substance, 
some materials possess a characteristic colour due to selective, 
reflectio7i at the exterior surface. Usually the substance reflects 
with especial ease those rays whicli it absorbs, and the colour due 
to surface reflection is often rcnighly complementary to that caused 
by absorption. Thus the dye fuchsine, which absorbs gre?h rays, 
has a magenta (iolour when viewed by transmitted light ; but its 
surface possesses a brilliant green lustre. There are, however, 
many exceptions to this rule ; the dye, cyanine, for instance, has 
a purplish colour whether viewed by reflected or transmitted light. 

"■The colour due to surface reflection is best shown by metals. 

^ This view^of the connection between colour and valency ie developed by 
G. N. Lewis, J. Amer. Gtmn. Sac. 38 (1916), 78.3. Compare N, Bohr, Zeitsch. 
Phys. 9 (1922), 52. 
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If gold is beaten out iitto leaf thijn enough to be transparent, its 
colour, when viewed by transmitted lights is •greoil, ^r, if ^he leaf 
is made extremely thin, blue. 'These colours ai’c due to the fact' 
that the red and yellow rays of the light passing through it are 
absorbed. Yet gold view(;d by reflected light is, as is well known, 
yellow ; if the ligl^ is retlected several times at gol<i surfaces, the 
oft-reflected ray has a distinctly red hue. The colour is here caused 
by seTective reflection^ gold leaf reflects 90 per cent, of the red 
rays that impinge on it, but only oO per cent, of the green ones.*^ 
It is rather interestipg to note that a colloidal solution of gold, 
consisting of minute particles of metal suspended iji water, shows 
an exactly o])posite colour-effect ; instead of appearing green by 
transmitted light and red by reflected light, the solution is red by 
transmitted light and green by K^flected light. Ruby glass, whicli 
consists of minute particles of gold suspended in glass, is also deep 
red when viewed by transmHted^light. The reversal of the normal 
coloration is (bie to the small size of the particles, but the exjliana- 
t-ion is somewhat complicated, and those interested must study it 
(elsewhere.- • 

It is vorfli while to notice that the colour of colloidal solutions 
varies somcAvliat with the size of the particles, and changes if they 
* join "uie another to form “ secondary aggregates.’’ On adding 
sodium chloride to the red solution of gold, the minute particles 
join togeibcr to form loose clusters, and the colour of the solution, 
viewed h} transmitted light, becomes blue. 

Many metals As hich appear bright when obtaiiu'd in the compact 
state with a smooth, polished surface appear dark w^hen present 
in a porous, furry condition. Thus platinum foil is bright and 
glittering, but “ reduced ” platinum is a black powder. The foil 
reflects much* of the light striking it directly into the eyes of the 
observer ; Init the light striking the reduced metal is probably 
repeatedly reflected from between the sides of the channels thread- 
ing tlu* porous mass, and sufTers loss of intensity at each reflection 
until gradually it comes to be almost entir(?ly absorbed. 

Interference Colours due to thin Films. Another type of 
coloraflon of great importance in tiie study of metals is caused by 
the jwesence of a thin film upon a reflecting surface. It is well 
known how copper, when heated in air to different temperatures, 
shows all sorts of beautiful tints in different places, the tint depend- 

^ See K. W. VVooil, “Physical Optics" (Maomillun, 1911), p. 497. K. 
Schenck, “Physical Chemistry of the Metals"; translation bv R. IS. Desja 
(Chapman & Hall), };p. 27, 28. • 

“ A simplifiocl treatment of the matter is given by W. ]). Bancroft, ./. 
Phys. Chem. 23 (1919), 554. 
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ing on tHo ternperature^, avid t|ie time ok exposure. The saiue 
phenollienon\s^lotidJablc in the eihse of iron lieatcd in air, and the 
eolour produced is. us(‘d — in the tempering of steel — to gauge the 
temperaturiJ *.\f the metal. 'Pints are also seen on polished silver 
which has been exposed to hydrogen sulphide. 

Now these effects are caused by the appear{j,nce of a veiy thin 
film of oxide — or, in the last ca^e, sulphide — on the surface of the 
metaU ; the colour produced depends maiuily on tlie thickrfess of 
the film. Consider (F'ig. Ifi, case (a) ) light reficcted from a double 



surface of tliis kind. Let one ray of light (EF) be deflected from 
the oxide-air interface, and another ray (CD) from the metal-oxide 
interface, the emergent rays (DG and EG) following the same path. 
Now, if the wave-length of the light and the angle of incidence is 
suitable, the rays reflected from the two interfaces will both be in 
the “ same phase,” the crests of one ray corresponding to the crests 
of the other, as suggested in the diagram.- As a result the two rays 

^ Possibly not an oxide or sulphide of definite composition. See U. R 
Evfins, Trans. Faraday Society ^ 18 (1922), 6, 

j. 2 It is as.^umed that the film of oxide or sulphide ha.s a refractive index 
intermediate between that of the metal and air. In such a case the difference 
of phase in given by the "difference of path" alone. See R. W. Wood, 
"Physical Optics" (Macmillan, 1911), p. 170. 
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of light unito to form a ray of^gi'catcf irtlensjiy. jlf^howt^vcM*, tin 
wave-length is changed, the angle of incidence and thielfness oi 
film remaining the same, as in Fig. IG, case (6),' the emergent rayt 
may be in opposite phases, the crests of one ray cof fesponding tc 
the troughs of the other. In this case, the two portions will “ inter 
fere ” or canoel oAe another. Evidently, iherefortf, when whik 
light Jails on a ‘double surface of this kind, certain wavc-lengthi? 
will be e.xtinguished ih the reflected portion, whilst other wave- 
lengths will be reflected with considerable intensity, and thus the 
reflected light will mt longer be white, butt distinctly coloured, 
If the thickness of the fllm be alk^red, or even— in some cases — il 
the angle at which the surface is viewed be altered, the wave- 
lengths of the light extinguish(‘d will be changed, and the con- 
se(|uent “ colour” of th(^ film wall Ijc changed also. 

'riie very la'antiful colours s(‘en when light falls upon water 
covered with a thin film of oil tfre due to a similar cause as Jhose 
[U’oduced by oxide films. 



X-Ray Analysis of Crystal Structure. It has bcMii re- 
peatedly stated that the. atiuns of a crystal an* arrayed in definite 
layers. 'Phe distance between two layers is very small compared 
even with the wavr'-length of light. It is, however, comparable 
to the*wavfi-lcngth of an X-ray, ami advantage has been taken 
of this to obtain a series of pluuiomena sonuwvhat analogous to the 
one just described. 

If a train of X-rays (Fig. 17) pa.ss(‘s through a crystal, it meets 
with the parallel ranks of atoms, and from each rank of atoms 
a certain amoimt of refl(‘(;tion oeeurs. The* amount reflected from 
each rank is very small, but, if the reflected rays are alMn the sam^ 
phase, the cumulative refleetion w'ill be snflicient to produce a 
marked effect on a photographic j)lat(‘. 'Pbe fulfilment of the 
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condition ^he reflected fays Jhall all be in one phase will depend 
upon the wave-length oh the rays employed, the angle of incidence 
and the distance between the ranks of atoms. For X-rays of a 
given wave-length there will be certain particular ai^gles of incidence 
which will produce very marked reflection, the intervening angles, 
causing very Vittle reflection. By observing tb^se angles of maxi- 
mum reflection on different fafes of a crystal, •^^o can calculate 
the distances between the layers of atoms p&rellel to different faces 
of the crystal, and, in this way, information as to the packing of 
the atoms in the crystal is arrived at.^ • 

The results obtained by these methods are of the greatest im- 
portance and many of the statements regarding crystal-structure 
which have already been made in this book are founded upon them. 

Photo -Chemistry. It has already been stated that radiations 
of wav(‘-lengths shorter than about 5,000 :< 10"^ cms. can cause 
the I'lecomposition of certain silver compounds. Many oth(‘r 
substances are decomposed by the action of light ; for instan(j(‘, 
some of the salts of iron and uranium. The combination of chlorine 
and hydrogen gas does not take place in the dark, but takes places 
with great violence if sunlight is allowed to fall on the mixture. 
All these reactions are said to be photo-chemical.” Another • 
similar change which has already been mentioned is the prodhe^ion 
of free electrons when ultra-violet light is allowed to fall on the 
surface of a metal (the so-called ‘‘photo-electric efl'cet”). 

Now in every case it is necessary that the light shall be of sulH- 
ciently high frcqiKuicy. Violet or ultra-violet rays are activ^c in 
decomposing a silver salt, whilst red light as every photographer 
knows- ds mthout action. In the case of the “photo-electric 
effect ” a definite frequency (exists for each metal below which th(‘ 
light— howevaT intense - is entirely without action upon the metal. 

This interesting fact- lik(^ many other facts connected with 
radiation — is best considered in the light of the Quantum Theory 
According to one form of that theory, radiant energy is not given 
out by an atom or molecule in random quantities, but in definite 
parcels, or “ quanta ” ; according to another form of the theory, 
it is only absorbed in “ quanta.” In general, one quantum will be 
absorbed- or emitted- ))y (;ach molecule ; conceivably, in certain 

cases, two, thr(‘(‘,or four (juanta may be absorl)ed or (‘initted - 

• 

V Tilt; HU'tliod of deriving the inlonnation i.s <*xpluim'<l in a siinplo manner 
in W. th and \V. L. Bragg’s “ X-Ray. s and (.Vyatal Structure” (Boll). 

- M. Blarfbk, Tirr. Deutsch. Pliifs. Ge.n. 2 (1900), 297 ; Sitzungsher. Prmss. 
Ahad. (1914), 918. A. Eiiistiin, Ann. Phys. 17 (1905), 132 ; 20 (1906), 199. 
»Seo also W. C. AlcO. Lewis, “System of Pliysical Chemistry , ” Vol. ITT 
(Longmans, Green). J. H. Jeans, Trans. Chem. Soc. 115 (1919), 865. 
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but never a fraction of !i quantum* T];ie value of the qifantum is, 
however, not the same for all •kinds of radiant enel'gy, but varies 
with the frequency v, being equal to hv, wh*ere h \b a number*known 
as Planck’s Constant. If the unit of time employed jn expressing 
the frequency is the second and the unit of energy adopted is the 
erg, Planck’s consi|int has a value of 6*5 x 10'^^. , 

Let us now return to the production of free ions by the action 
of liglft on a metal. If,a quantity of energy, q, is needed to remove 
one electron from an atom on the metallic surface and if this quan- 
tity is to bo supplied radiant energy by tlie absorption of one 
quantum, then that quantum hv must clearl}* be equal or greater 


than q. In other words, v must bo equal or greater than j. It 

follows that if the frequency is •less than a certain critical value, 
th(^ radiation is without effect. In a similar way, it is possible to 
explain the fact that only lighi^ of very short wave-length causes 
the decompo:ition of silver salts, although here the qiiestHm is 
somewhat more complicated.^ 

The quantum theory, originally introduced to (wplain tjie dis- 
tribution ot wave-lengths in the light emitted by a hot body, is now 
being apjdicd with success to such subjects as catalysis, which at 
first x';;\t appear to have little to do Avith radiant energy. The 
theory, however, suffers under the disadvantage of being Avithout 
an accepted physical basis. As long as the chemist is without a 
clear picture Avhich will enable liim to understand why energy 
should necessarily be sent out through space tied up in bundles 
of amount //.r,” the theory will Jiot become useful in the Avay that 
the atomic theory is useful. It is possible that certain suggestions 
recently made by Langmuir ^ may lead ultimately to the provision 
of the “ physical btsis ” which is so badly required. 

The Application of Photo -Chemical Conceptions to ordinary 
Chemical Reactions. An interesting hypotJiesis has been put 
forward by Lew is, ^ who suggests that ordinary chemical reactions, 
which proceed as readily in the dark as in the light, are really in a 
sense photo-chemical, but depend upon the absorption of the 


» See J. Stark, Phys. Zeitsch. 9 (1908), 892, 894. M. Bodonstoin, ZeitacJi. 
Phys, Chem. 85 (1913), 329. E. Warburg, Sitzungsber. Preuss. Akad. (1911), 
746; (1912), 216; (1913), 644; (1914), 872; (1915), 230; (1916), 314; 
(1918), 300, 1228 ; (1919), 960. Compare I. Langmuir, Trans. Amer. Electro- 
chem. Eoc. 29 (1910), 147. 

2 1. Langmuir, Phys. Rev. 18 (1921), 104, * 

“ A. Lamb](.', and W. (I McC. Lewis, Trans, Chem. Eoc, 105 (19L'), “330 ; 
107 (1916), 233. W. C. McC. Lewis and others, Trans. Chem. Soc. 109 (1916), 
796; 111 (1917), 457, 1086 ; 113 (1918), 47J ; 115(1919) 1^2. 710, 13ifl ; 
117 (1920), 623 ; 121 (1922), 665. E. K. Rideal and J. A. Hawkins, Trans. 
Chem. Soc. 117 (1920), 1288. 



104 


ltoOt»UtlTION ( 


relatively* long, invisible, ipfra-»fed rays, inch as arc cinittecl by 
substances it lordifiary^ temperat':n’cs. This theory provides an 
explanation for the reniarkablc 'increase in the velocity of all 
ordinary cluvnical reactions caused by a coinparatively small rise 
of teniperatiire — a fact which is very difficult to* explain in any 
other way ; ^he increase of temperature causey a marked increase 
in the “radiation density” of, the radiation in. question— which 
increase is sulTicient to account for the increased reactional velocity. 
According to this theory, a catalyst, if added, aids the reaction ))y 
emitting radiation of the desired type, and, thus acts in the same 
way as an increase o^ temperature. The theory is perhaps rather 
more successful in explaining homogeneous catalysis than in its 
application to heterogeneous catalysis A 

Fluorescence and Phosphorescence. When light falls u|)o!i 
certain substances, they cojumence to give out light of a colour 
different from that of tlie light wldt-h is falling upon theiii ; usually 
the Emitted light has a frequency lower than that o*r the incident 
light. Such substances are said to be “ fluorescent.” Good ex- 
amplec of fluorescences are afforded by solutions of uranium salts, 
iSodium vapour is also fluorescent. Since the emitted light is not 
necessarily sent out in the direction in which the incident light was 
travelling, a “ seal tering ” of the light is produced ; the phewff.ienon 
of fluorescence is best observed if the eye is placed so that the 
incident light cannot reach it directly, but only the light emitted 
by the fluoresc(‘nt substance, 'then* is little doubt that in the case 
of the salts of hexavalent iiranium. the light energy absorbed ]>y 
certain molecules produces sonu^ endothermic change, and that the 
next moment the nn’crse chang(‘ occurs, the original hexavalent 
salt being regenerated and the energy being re-emitted as visible 
rays.‘-2 

The phenomenon of phOvSphorescence is similar to that of 
fluorescence, but a phosphorescent substanca* continues to glow 
for an appreciable time after the light has ceased to beat upon it. 
It is probable that all solid fluoresccmt substances are really phos- 
phorescent, although in some cas(\s th(‘ glow may only persist for 
a fraction of a second after the exciting light has laerl shut-off. 

^ Compuro W. 1). Bancroft, Trans. Amur. Elrctrochem. Edc. 37 (1920), 21, 
E. Baur, Srinveiz. Chem. Zeit. 2 (1918), 40. Abstraot, J. Chem. Eoc. 
114 (1918), ii., 143/ ' 
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VIII. U Eo -C ue MIST jiY ^ 

Early History of the Earth. Many millions oi years ago, a 
quantity of .matter- probably in the gaseous fonditioii — was 
thrown off from^lui sun ; this niatti^r divided irdo various fraguients, 
wJiich bceame the dtff'erent plaruds. The fragment with which 
wo are most concerned again divided into two unequal parts, one 
of which is now called the Earth and the o^her tlie Moon.- 

At the time of tliis division, the matter composing the Earth 
liad probably cooled down to a considerable extent, and was prob- 
ably already largely in the liquid statt‘. Afterwards, whmi it had 
eooled still further, a solid (u^ist a]q)eai‘(al on the surface. All 
cooling is aecom[)a,nie{l by shrinkage, and presumably the exterior 
])ortions, whiih cooled most qmickly, tended to shrink more than 
the interior.* 'the unequal slirinking- aided, no doubt, by other 
causes — occasioned violent earth -movements which, in a greatly 
lesseiK'd d^gre(\ persist to the present day. In .souk* placfs those 
movem(Mits would sliow themselves by the upheaval of the surface 
to form mountain-chains. In other localities, the crust would 
break, 'Imd the still inolten interhu* of the (“arth would spurt forth 
vast tl ods of lava ; indeed, eomparcal to th(‘ early volcanic activity 
of the ourth, oui* modern eru]>tions must b(‘ regarded as very trifling 
affairs. 

Denudation. At tli(‘ tinu^ of which \\v havu* betui speaking, the 
" atmosph(T(‘ ■’ or gaseous (uivc'lope which surrounded the crust, 
must have contained, besides the oxygen and nitrogen which remain 
to the presf'nt da^^ in the gaseous (;ondition, much water- vapour 
and probably a eonsid(Table amount of carbon dioxide. An im- 
])ortant dat(‘ in th(‘ history of tlu' earth was clearly reached when 
the temperaturt' la'caine sutliciently low to allow the condensation 
of water in liquid form, with th(‘ eonsiapient production of seas 
in the lower ])ortions of tlu^ earth. The local variations of tem- 
perature, how(‘ver, allowed evaporation to eommence over the 
seas, and the subsequent coiuhmsation upon the mountains (the 
phenomenon which av(‘ now call r.ain ”) gav(‘ ilse to streams and 
rivers flowing down into the sea. I'his gradual passage of water 

^ I’lio lollowiiig book.s may l)i‘ (‘(m.sjiltod with fidvtmtnge : "Mineral 
t)('positH,'' by VV. Lindgr6ii(Mc(ba\\ Hill) ; “ Ore J by K. Poy^clihig, 
.1. U. L. Vogt ami 1*. Kniseh (trnnslabnl by S. J. Truscott, Maeiuillau). 
“ Cteochomistry,’' by F. W. Clarke (U.S. Ceoh Surv. ); “ (Seology of #)ro 
Deposits," by H. H. Thomas and D. A. ]\facalister (Am?»ld). 

‘ H. Jeffreys, Ro^/. A.'ilr. Roc. Notices, 78 (1917-18), ll(i, 124. 
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from higli«places to low ones was not without its effect upon the 
primitive rocLsfof the earth, which became both mechanically 
disintegrated, and chemically attacked, by the water flowing over 
them. Later ^on, when the temperature became suitable for the 
appearance of fife, the roots of plants and the burrowing of animals 
assisted in the. task of breaking up the rocks, \^^hilst the presence 
of organic acids — as well as of carbon dioxide — in/h*o water aided 
in the chemical erosion of the same mateijials. Thus a pibccss 
of “ denudation,” a constant wearing down of mountains, accom- 
panied by the continuous transport of material to the sea, com- 
menced, and the sam^ process persists to the present day. The 
Insoluble matter brought down by the rivers was deposited on the 
sea-bottom, and, when subsequently fresh earth-movements pushed 
up the sea-bed to form new land, the sediments w^ere consolidated 
into rock. We sec, thus, the appearance of a fresh typo of rock, 
the Sedimentary Type. Of course, as soon as a sedimentary 
rock k pushed up above the surface of the sea, the restless forces 
[)f denudation commence to wear it down, just in the same way 
■xs the yriginal crust was worn down before. But, in spite of this 
rapid denudation, there exist to-day vast masses of sedimentary 
rocks, some of which were probably laid domi at least 500,000,000 
^ears ago. 

Main Epochs in the Geological History of the Earth. As'it 
^vill bo necessary to refer occasionally to the ages of different rocks 
ind ores, it is convenient to give (on opposite page) a table showing 
the names generally used by geologists for some of the main periods 
^f geological time, the oldest being shown first. The periods men- 
tioned were by no means equal. The first or Pre-Camluian epocii 
was probably almost as long as all the others put together. Studies 
:)f radioactive minerals occurring in rocks of thisMge seem to suggest 
that it lasted from about 1,600,000,000 to about 1,000,000,000 b.c. 
Similar evidence suggests that some of the Carboniferous rocks 
were in process of formation about 340,000,000 years ago.^ Such 
lumbers are quoted merely to give some measure of the ages in- 
^'olved, and should not be regarded as rigidly accurate. 

Intrusion . From time to time, as shown in the table) important 
?arth-movements have occurred, as a result of which fresh masses 
>f fused material (rock-magna) have been pushed u]) from the hot 
nterior of the eai;th into tlui sediments composing the crust. 
iVherever this “igheous” material actually reached the surface, 
it wfts poured forth as a lava-stream and (!ool(*d rapidly. Owing 

• * 

^ A. Holmes, Pror. Hoy. Soc. %h [A] (191 1 ), 260. Compare ostinmtos of tlie 
ige of tlie crust by H. N. Russell, Hroc. Roy, iSoc. 99 [AJ (1921), 84. 
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I’nlaiDZuic 


.M(\sozui(! 


(.'aiiiozoif? 


Main ^^eIiiods of GtEOI^oc^ioal Time. 

Pre-Cambrian (Arc7i^n systeii\of earth -rliovenien^j(t> at this 
time) 

f Cambrian 
Ofdovician 
^ Silurian 

I t)evo)*ian {(Jalvfhnian sy.stem ot rarth-irfivonienls at this 
Carbonifei^jus 

Permian {U< mpiian sytilem uf earth-movemonte about 

this time) 

j' Triassa; • 

j Jurassic 
' Crotacoous 


JVr( iary 
Jkicent 


[Tcrtidrif syslcm of earl ll•muvements at this 
( hue) 


to th(^ rapi(i cooling, tlio "volcanic rocks’’ produced of a 

jiioHi or less glassy character. TJio main portions of tlie molten 
mass, however, hav(i geiK'rally failed to reach the surface, and have' 
solidified tery slowly some w^ay below the surface of the crust ; 
this slov. cooling gives rise to a crystalline type of rock, of which 
graniiii^is a familiar example. In Jiiany regions of the earth, vast 
raasse'" of crystalline rock which originally hardened far below the 
surface ire now (sxposed, owing to the removal of the material 
above by the process of denudation. 

Before a mon* ({('tailed description of the dilh'rent types of 
rock is possible, some idea must be given of the composition of the 
magma, from which directly or indirectly most of the mati'rials of 
the present (trust of the earth have been derived. If we may judge 
from analy?^es of tjie crystalline rocks which are accessible to us, 
the magma may be d(\scrib{Hl as being made up mainly of “ silicates 
of aluminium, iron, calcium, magnesium, potassium and sodium.” 
Siliitates of thcsit six metals, indeed, account for about 98-(> per 
(;('nt. of the composition of visible igneous rocks ; all the other 

known ('lernents can bo regarded for the moment- as meni 

miwor (ionstituents.” It is (piite probable that the material 
composing the centre of the earth is of a different character- possibly 
consisting of an iron-nickel alloy ; but the composition of the 
material forming the (;entral (um^ of tlu^ (nu’Hj is not of great im- 
portance for our present purpose. * 

Silicate Minerals. d’h(^ silicates are salts produced b\; com- 
bination of silica (SiO;.) with metallic oxides in difijerent proi^or- 
tions. '.riiey are a very large famil_^, but (uan in most cases be 
regarded as deri^ ed from one of tho fnll«»wincr silieie anids thrnnorh 
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the replaoRment of hydro^c;(;ii atotos by atoths of inotals : — 

Tr^silicic ^acid* 2 Ha 0 . 3 Si 02 Vr H 48 i 30 g, giving trisilicates 

such as orthoclasc, KAhSiaOg. 

Metasilfcwc acid, HaO SiO. or gi'^^ii^^ metasilicates 

such as eiistatite, MgSiOg. 

V * 1 

Orthosilicic acid, 2 H./).Si 02 or H 48 iO„ giving orthosili- 

■ cates such as zircon, ZrSiOi. ^ ' 


1'he two last examples chosen are simple silicates which may 
contain only one metal. Orthoclase, on the ••ther hand, is a double 
silicate, containing two metals, the potassium atom replacing one 
hydrogen atom of the HjSiaOg molecule, and the tri valent alu- 
minium atom replacing th(‘ oth(‘r three. Here the ])otassium and 
aluminium atoms, having dilTeriMit valencies, necessarily play 
different role.s in the crystal-structure of th(^ ortlioclase, and arc 
[)vesent always in th(‘ definite lyoportions represented by the 
formiHa KAlSi/Jg, But in other cases we may find two metals 
of the same valency in a mineral, their atoms sharing a single role 
in the prystal-structure, and in such cases a continuous series of 
mixed crystals is possible. Thus the metasilicates o? iron and 
magnesium, Hypersthene, Pe8iO:j, and Knstatite, MgSiO;,, are 
isoniorphous, and it is possible to get mixed crystals (Fe,Mj^Si()..i 
containing the two metals in any proportions. Such cases are very 
common, and con.sequently very few of the naturally ocemrring 
silicates have anything like a constant coinposition. Not only 
can one metal replace another, l)ut the atoms of silicon can 
be replaced partially by thos<* of another tetravahmt element, 
titanium, as in augite, which is shown in (he table Ix'low. 

It would occupy many volumes to describe the silicates in detail. 
It is only possible here to giv(‘ a very few exam])V‘s of the commoner 
rock-forming silicates, and it will be convenient to arrange tlumi as 
a series showing the gradual passage from liighly siliceous (or acid) 
minerals to highly basic minerals. The list commences with pure 
silica, and ends for the sake of (;ompleteness -with an oxide free 
From silica. 


Name of Mineral. Composition. 

Quartz SiO. 

Orthoclase Felspar KAlSi 30 g 

Biotite Mica | K,H] 2 [Mg,Fe] 2 [Al.FcJ.^(iSi( ).,);( | 

Augite uirtt 4 Mg,Fo](Si 03 ) 2 F 

ril?kg,Fel[Al,Fel2[Si,TilO, | 


OccurrenA in Rffeks. 

Occurring in acid 
rocks, sucli as granite. 

Occurring in inter- 
mediate rotOcs, such as 


Blagioclasc Felspnr (.’(i.VUfSiO^) , 
[\^t»iety, AnortJiite) 

Olivine * [.Mg,Fc|,,SiO* 

Magnetite 


I .sycnit(‘. 

- 0 <‘cuiTing in basic 

I rocks, such as gabbro. 

i j Occurring in illtra- 

' basic rocks, such as 

j poridotito. 
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Tlie molten silicates lire miscible wil^h one Another at*high tern- 
peratui’es, forming a single uniform liquid or “ln%ma.” But, 
when such a mixture solidifies, rock formed wjll consist of a crys- 
talline aggregate of two or more dilfermit minerals, iin^^ss, of course, 
cooling is so quick as to cause the formation of a glassf The column 
on the right of the* table indicates some of the rockf^ in which the 
different minerak commonly ociait. 

Consolidation of an Intrusive Mass. We must now consider 
what will happen when a mass of molten igneous rock is pushed up 
into the upjier, and rflatively cooler, porting of the earth’s crust. 
The greater part of the molten rock will prol)ably remain far below 
the surface, forming a sort of “ magma-reserv-oir,” from which 
will be pushed out fingers through the ‘‘ country rock ” — possibly 
a limestone, shale or sandstone* formetl long before the intrusion 
took place. Wherever one of these fingers reaches the surface, 



Dyke 

t'lo. 18. — 1 )vkos, yills, and Liicaoldos, 

a volcano Mil be jjrocluced. The molten stream which escapes 
from the crater or fissure soon hardens to a glassy, or semi-glassy 
rock (lava), tlu' cooling living too quick for complete crystalli- 
zation to take ])lace. Much of the inolttm rock forced upwards 
and outwards from the magma reservoir inner reaches the surface, 
and gi’cat sheets of it cool and solidify within the country rock ; 
these»shce^.s, which are often afterwards exposed to view whert' 
the country rock has been removed by denudation, are called sills 
where they have been forced between the b(*ds of sediments, and 
dykes where they cut across the beds (see h^g. 18). Sometimes 
the overlying strata have been pushed upward# at some point as a 
gigantic blister, allowing the formation of a dome-shaped mass of 
intrusive rock, which is known as a “ laccolite.” * 

The solidification of molten rock {jives rise to, a' considerable 
amount of “ differentiation,” the composition of the solid rock 
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produced *^arying froSn place to place. ^ Tlio ultra-basic minerals, 
which arc nOo Very «solu£lc in thcs magma, separate first. If the 
MntrusioVi is a small^ono, lo. a dyke, wo may expect to lind an excess 
of idtra-basic^ minerals in tlu^ ])arts which cool first, namely at tlu 
extreme edge of the intrusion. Consequently, th('*margin of sueb 
intrusions is u^sually distinctly more basic than Ilie inti^rior. How- 
ever, this type of marginal differentiation, althtyigh of great in- 
terest, is of little importance, except within sveh intrusions as dykes, 
where the opposing walls are comparatively close together. 

In the interior of any intrusive mass, apd especially in large 
deep-seated magma-rbservoirs, segregation of the basic and acidic 
constituents apparently takes place in a rather different way.- 
As already mentioned, the more basic minerals separate first on 
cooling, but as a rule they are ve«,y much heavier than the acidic 
portions which still remain liquid, and sink down tow^ards the 
bottom, or in case there is no bottom, towards the centre of the 
earth* The portions in the higher parts are thus left relatively 
acid, aiid when they solidify on further cooling, form such rockb 
as granite. Since we naturally have more opportunity of seeing 
the higher parts of the intrusion than the lower ones, granite is a 
rock much more commonly met with than the basic crystalline 
rocks, which are usually produced deep down in the eajJ4. If 
should be noticed that the lava which is ejected from the volcaiuAJS 
in the early stage of an intrusion often represents the composition 
of the magma before this differentiation has taken place, and i? 
therefore of intermediate composition. Jf lava is spurted out aftei 
differentiation has taken place it is of a more acid character (rhyo- 
lite) or a more basic character (basalt) according to the place in 
the magma-reservoir from which it has come*. 

It is probable that— in addition to tlic actual setting of the 
first formed crystals- -another factor plays a great part in causing 
the separation of the acid and basic portions of the magma. If 
earth-movements such as would tend to force the magma upw^ardf 
into the crust continue during the process of solidification, they 
^vill squeeze out the still molten acidic portion which will rise into 
the crust, whilst a semi-solid mush,” having on the whole dis- 
tinctly basic composition w ill remain below'. It may happen that 
this basic segi'cgate may afterwards be pushed upwards, possibly 
into another part o/^the cnist, and may there become completely 

^ The physical choinistry of the differentiation (fractional crystallization' 
process in rock inaginu is well in^atod by J. H. L. Vogt, ./. (leoL 29 (1921), 
:U8, 426, 616, 627. 

# Compare fSie views of N. L. Bowen, ./. Geol. 23 (1916), Supplement; 
27 (1919), 393 ; tfnd those t)f A.iiarker, " Natural History of Tgneo\is Rocks ’ 
(Methuen). 
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solid. Consequently, Ve do find largf masses of basic ^crystalline 
rocks near the surface, althougli they are somewl^atMess common 
than acid crystalline rocks. Sometimes we find an igneous rock 
having an acid composition in its main part but cojitaining large 
streaks of ultra-basic composition ; this suggests tliat portions of 
the basic segregalj^ may have become entangled iiijihe stream of 
lighter acid magma when the latter was being forced upv^ards into 
the jfresent position. , 

The existence of ultra-basic rocks is of some importance because 
certain important ore^ are found in them. The mineral magnetite 
(Fe304) which has some value as a source of iron, as well as the ores 
of platinum, chromium and — in some; cases- -nickel, are all found 
in highly basic rocks, being heavy substances only slightly soluble 
in a silicate “ jnelt.” Platinunvind chromium occur only in minute 
traces in the original juagma, and if it were not for the fact that 
they have become “concentrated” in the ultra-basic rocks, their 
production sn an industrial scale would be almost impossi*)le. 

It is, however, the final stages in the consolidation of an igneous 
intrusion vliich are of special importance. Suppose, for ipstanco, 
that the gAaiter portion of an acid intrusion has nearly completely 
solidified, forming a mass of solid granite, but that in the interior, 
a cc:;^3iu amount of material still remains liquid. As the solid 
gl’anit( cools, it continues to shrink and no doubt cracks appear 
in it, a]\d also in the country rock around. The shrinkage forces 
the still molten liquid from the interior through the cracks in the 
granite out into the cracks which exist in the country rock. Now 
this matter which has remained liquid until the last will bo more 
acid than tlie granite itself, and, when it hardoiis in the cracks, 
it will forni highly siliceous material, sucli as pegmatite (consisting 
of (piartz and felsj^ar). Thus we find pegmatite veins and quartz 
veins (uitting through the igiu'ous rock and extending into the 
country rock around. 

Many of the rarer metals which existed only in minute amounts 
in the original magma, and which therefore do not crystallize out 
during the main stages of the consolidation, become concentrated 
in th« portions which remain liquid to the end, and these will be 
found in comparatively large quantities in the pegmatite veins 
and quartz veins. Thus minerals containing molybdenum, tung- 
sten, thorium, the rare earths and other fjements are found in 
pegmatite and quartz veins in amounts whi^ render extraction 
profitable, although the same elements are only present in i^inute 
quantities in the mass of the intrusion. ^ ^ 

Amongst the other minor (^onstitients of the* original rock- 
magma are certain substances such as carbon dioxide, hydrogen 
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sulphide aftd water, which ^yould normally V)(‘ gaseous at the tem- 
perature in qfie^!tion,'but which aro kept in solution in the magma 
^by tlu' (‘iiormous pi;e.ssui*c existing in the deiqu'r parts of the earth. 
The quantities’. ^of these substances in the original magma are only 
small, but they become concentrated in the last solicfifyiiig portions, 
and when the^c portions are being squeezed into the country ' 
rock, the dissolved substance's ^ire liberated. (itf.sc\s like carbon 
dioxide, accordingly, travel upw'ards through the country* rock 
until they reach the air ; other substances wliich are volatile at 
these temperatures — mostly compounds of ^fluorine and boron- 
are liberated in gaseoils form, but as we shall sec- usually become 
decomposed before they go far. Most important of all, water, 
heavily charged with silica and oth(‘r dissolved substances, is forced 
upwards from the igneous mass through hssures in the country 
rocks ; it (lej)osits part of its burdi'ii of dissolved substances on the 
way, and becomes cooler as it rises. But it usually reaches the 
surface still quite warm and still containing souk' disscilved mineral 
matter, and often gases such as carbon dioxide' oj’ hydrogt'n sul- 
phide. /This is the origin of “thermal springs.” 

Mineral Veins. dissoKa'd matt('r carried oil by the waters 
leaving the igneous mass is largely silica, and much quartz is ^ 
deposited in the fissures up whicfi the w'atcr passes, the^^^artz 
veins being nien'ly the continuation of those formed by the solidi- 
fication of the extruded portions of the rock-magna. Various 
other minerals are also depositi'd in veins, for instance, calcite, 
barytes and fluorite. In addition, ci'ttain compounds of metals 
which exist only in traces in the original magma, but which become 
concentrated in the last-solidified jiortions, are deposited in the 
veins by the ascending waters. Some of these are the same as 
those mentioned as constituents of pegmatiti'/ ve^ins, e.g. compounds 
of tungsten and molybdenum. Others consist of the sulphides 
of the familiar metals, iron, copper, silver, zinc, and lead. Gold is 
also found in quartz veins, but in the elementary state. It is neces- 
sary to lay emphasis upon the fact that in every ease these valuable 
minerals, w'hen found in veins, are invariably surrounded by largo 
quantities of worthless gangue minerals, such as quartz afid fidorito. 

In the lower part of the veins, the ores of zinc, lead, copper, and 
silver commonly consist of the sulphide of these metals ; in the 
upper parts, the subsequent action of the air and moisture has 
usually converted the sulphides to sulphates, carbonates and some- 
times oxides. Often percolating waters of “ meteoric ” origin (due 
bo* rain falhrig upon the earth’s surface) dissolve the original 
‘ primary ” orbs at one pbint, and then deposit them at other 
points, where some precipitating agent happens to exist ; in this 
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way “ seoojidary ” orOj^s are formed. It n^it always fti practice 
to distinguish between the primary ’’ .orcjf due* lo ascending 
(thermal) Avaters, and the secondary ores due i-o descending 
(meteoric) watej’s. 

• Besides leading to the h^rmation of veins, the metalliferous 
waters also deposits minerals in all sorts of cavities iif the country 
ro(!k, which majidiecaime “ impregnated ’’ wit h the nu'tallic pres, 
'the waters often interiiie.t chemically with the rock ilsi'lf, limestone 
being particularly susceptible to such interaction. Waters con- 
taining lead in solution frequently dissolve calcium carbonate 
(CaCOa), the main constituent of limestone, and deposit galena 
(Pb8) at the very points from which the carbonate has been dis- 
solved. Th(? chemical replacement of one mineral by another 
through the action of circulating nvaters is known as “ metasomatic 
replacement.” 

Pneumatolytic Action. Tk^ mineral veins pi’oduccd by 
ascending water arc found at considerable distances from the 
intrusive mass itself. Other ores which are found close to, or 
within, the intrusion seem to owe their origin to vapours gi\*ci\ off 
during the last stage of consolidation. Amongst the volatile sub- 

, stances evolv(‘d, the compounds of boron and fluorine arc most 
imporv.nit. TIk'so vapours are naturally very reactive and attack 
not oinv the country rock, but also the portions of the igneous 
mass whifli have solidified at an earlier stage. The main ores of tin 
have been ])roduced by ''pneumatolytic” action of this kind. 
I'in has a volatile fluoride (Snh^), which appi'ars to have b(‘(m given 
off freely during the last stagi^ of the solidification of certain acid 
intnisions, By reaction of tin lluoride with wat(‘r, or with the 
granite throi:tgh which it has to pass, cassiterite (SiiOo) is formed. 
This mineral is found in veins and often, to a very import ant extent, 
within the granite itself, which has become converted near to the 
tin-veins to a rock called greissen. ( 'assiteiite is nearly always 
accom])aiiied by minerals (anitaining lioron or fluorine. Other 
minerals which occur closely associated with boron and fluorine 
minerals, and which have clearly been formed, at least in part 
by the agency of vapour, include compounds of lithium, beryllium, 
and the rar(‘ earths. 

Contact Changes. Important minerals occasionally occur at 
the junction of the igneous mass and the country rock, which near 
the edge of tlie intrusive mass is so much changed by heat and 
pressure as to be almost unrecognizable. The main effect of*the 
“ metamorphism ” is to recrystallize Jhe whole. J^fmestone ft 
often baked to “ (crystalline limestone ” or marble. The “ sills ” 
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and “ dyRes ” ^tlirust oiyfc into the country pck cause uietamor- 
phism a 3ousidei*ablo^ distance ^roni the main mass of igneous 
intrusion. In addition to the mere recrystallization of the country 
rock, chcmic<fHnt{*raction with the igneous matter itself sometimes 
occurs. For instance, it appears that, by interaction between a 
limestone an^* an igneous magma, the magma*' absorbs lime and 
becomes relatively weak in silica On differentiat-jon this may give 
ris(^ to “ sub-silicic ” rocks containing minemls which do not*^ occur 
in ordinary igneous rocks. Thus the heavier portions may contain 
tb(‘ mineral corundum (AUO3), whilst tiny lighter ])ortions may 
(‘ontain such minerals as nej)heliiie, rich in alkali metals and j^oor 
in silica.^ 

In eas(‘s wliere ore minerals are found at the jurudion of igneous 
and sedimentary rocks, or in the altered portion of the sedimentary 
rock surrounding the intrusion, the ores are generally referred to as 

contact deposits.’’ They are inost commonly produced wher(‘ 
impottant intrusions cut limestone, a rock which » is peculiarly 
susceptible to alteration. It is unlikely that all contact deposits ar(^ 
formed in the same way. Many are prol)ably due to tlie action of 
vapours or magmatic water given off by the igneous mass upon the 
sedimentary rocks ; others may be due to re(;rystallization or 
dehydration through heat of minerals previously existin^»iUi tlu^ 
sedimentary rock ; other so-called contact deposits may really 
be marginal segregations resulting from the differentiation of the 
igneous intrusion. Among the best known contact deposits of the 
world we may mention twn ; firstly, the ‘‘specular ” iron oxid<' 
of Elba, w'hich occurs in limestone cut by granite and other eruptivt^ 
rocks ; secondly, the copper sulphide ores of the Clifton-Morenci 
district, Arizona, found in the altered “ aureole ” caused by the 
intrusion of quartz -inonzonite into limestone,. Many writers in- 
clude the famous lead-zinc-silver ores of Broken Hill, Australia, 
and the copper sulphide ores of Huelva, Spain, within the term 
“ contact deposits.” Since, however, there is no sharp distinction 
between “ contact deposits ” and ores formed by pneumatolytic 
or hydrothermal action, it is not surprising to find that ores which 
are classed by some geologists as duo to contact action are aligned 
a different mode of origin by other writers. 

The Relative Age of the different Accessible Ores. Several 
times in the geolo^al history of the world have immense earth- 
movements, acconfpanied by intrusion, taken place ; each of these 
eveiits has caused some valuable series of ores. The most recent 

^ For this *^ex^)lanation of t^e origin of the "alkaline rooks," see R. A. 
Daly, " igneous Rocks and their Origin " (McGraw-Hill). Also R, A. Daly, 
J, Geol 26 (1918), 97. 
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of tliese ijph(‘avals tqok place in the ttrt^ry ag(^, gnd c*aused the 
formation of the main mouiitaiit fanges, hucJi as'the Alps anc^Hima- 
layas, \vhi(;h exist in tlie world to-day. Altkough alret\dy the 
forces of denud^ition have begun to reduce the origi&al height of 
• these comparatively modern mountains, yet the denudation is 
in the early stages find consequently only thc^ ores of fnetals which 
are produced by**thcrmal waters comparatively m^ar the su^’face 
arc met with in connection with the earth-movements of tertiary 
tinies. The ores of mercury, for instance, which are deposited 
(piite close to the earth's surfai'e, are at presj^mt niet with almost 
only in the areas atfected by these tertiary mountain-building 
movements, although the actual rocks in which they are deposited 
aic5 in geiK'ral much older ; no doubt, mercury ores were produced 
in connection with tin', earth-nmvements which occurred earlier 
in th(‘ history of the earth, but these have beeji remov^ed by de- 
nudation. On the other hand, t^ose ores which are produced deep 
down in the orust close to the intrusive mass itself, are imiinly 
assoiaated \s'ith early systimis of eaith-folding. Those ores of tin 
which are of the- greatest economic importance to-day, are coimectcd 
with earth -movements of th(^ Hercynian (post-carboniferous) 
systian ; no doubt, ores of tin may occur deep dowai in the areas 
aifecte ’ by more recent movement (e.g. in the Alps), but the forces 
of deiiu lation have not yet caused these ores to become exposed 
to view, (>r even rendered them accessible to the miner. ^ 

In g('n(U’al, the occurrence of ores is only to be expected in areas 
which have beeji alTected by important earth-movements, and their 
distribution throughout the countries of the world is curiously 
unevcji. The series of rich ores of gold, silver, copper, zinc, lead, 
tin, tungsten, antimony, mercury, and other metals which are found 
in a circle around the Pacific, occurring in Chili, Peru, Mexico, 
Sierra Nevada, the Rocky Mountains, Alaska, Japan, the Malay 
States, and Australia, and dilfering considerably in age amongst 
themselves, owe their origin to the earth-movements which have 
recurred from time to time in this area. The most recent of these 
movements has j)roduced the ring of giant mountain ranges which 
encircle*the Pacilic, and has caused the vast outpourings of lava from 
numerous volcanoes ; in many parts of the Pacific circle (for in- 
stance in the Andos) the volcanoes are still active. But the im- 
portant after-effect of the various carth-movenrJlits and intrusions 
which have occurred at different times has bcen\hc production of 
the ores just mentioned. A rough map is given on page 117 
which serves to show^ the places around tlie Pacific ivhere ricl^i 
ores jiri^ found. 

^ .1. VV. (Gregory, Trans. Chem. Soc. 121 /r.U. 
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no INTRODUCTION 

Geo-chfeniic^l Classi^csition of Metals., Before leaving the 
subject, of inlrusive ina.st;es it is eihfvtuiieiit to classify the metals 
according to their ^)laco in the magmath; differentiation — 

(1) Metals \fpund in ultra -basic rocks and in, the ultra-basic 
portions of intrusive masses in which differentiation has occurred., 
Chromium, ptatinum metals, and probably nidKcl. , 

(2) Common Metals found in the body of the intrusive^ mass 
(in order, those occurring in the more basic portions being shown 
first). Iron, magnesium, aluminium, calcium, sodium, potassium. 

(3) Metals found ,in the ultra -acid secretion in pegmatite 
veins, etc., either cutting the intrusion or in country rock around 
it ; or produced l)y pneumatolytic action (then accompanied by 
boron and fluorine minerals). Tin, zirconium, thorium, cerium, 
rare earths, lithium, beryllium, niobium, tantalum, molybdenum, 
tung.sten, uranium, and gold. 

(4) Metals found in mineral veins, or replacement deposits 
produced by thermal wat(>rs usually some way above *ihe intrusive 
mass (the louest are shown first). Copper, silver, lead, zinc, 
mercuity. 

Sedimentary Rocks. It is now possible to consider very 
briefly the mode of formation of diffenmt sedimentary rocks. Idie 
material carried by the rivers into the .sea was in the early*Iiays of 
the earth’s history derived f?’om the original crust : as a result, 
the original crust quickly became eaten away, and at the present 
day, there is — according to mo.st geologists — nothing remaining of 
it. Consequently, all the materials carried away by our modern 
rivers must be derived from intrusive crystalline rocks, or glassy 
volcanic rocks, or from sedimentary rocks laid down at some earlier 
])eriod. . 

Consider the action of water, in the preseift.-e of carbon dioxide 
and possibly organic acids, on a crystulline rock such as granite 
or gabbro, consisting of silicates and perhaps free silica. The more 
attackable silicate minerals are likely to suffer a slow chemical 
change yielding soluble salts, which will be removed in solution 
by the water ; the eating away of these minerals is likely to cause 
the rock-mass to soften and break up, and the other — less clianged 
- — constituents are liable to be carried off by the water in mechanical 
suspension. 

The silicates ricji'in sodium, potassium, calcium and magnesium 
will probably give rise to carbonates or bicarbonates of these metals, 
whit3h will pass down to the sea in solution. On the other hand, 
ft^ee silica isf comparatively unattacked and passes down, in mechani- 
cal suspension, as “ sand particles.” The silicate of aluminium is 
to some extent attacked by the water, but is converted mainly 
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Map showing Regions roiind the Pacific Ocean where Rich Ores are found. 
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into iiisoltiblc )'.ydrated ^xides or silicates ; , somot lines these are 
left belpid where at the. position of ‘the crystalline rock as deposits 
of bauxite, lateritc^ or similar material ; generally, however, most 
of the silicattt pincrals rich in aluminium are renu^ved — in a more 
or less altered condition — as fine “ clay particles,” which are, 
carried dowii in mechanical suspension by thd rivers to the sea. 
The silicates of iron are also to^a considerable ejitent attacked by 
water, especially if organic acids, derived from peat or some* other 
source, are present. The ferrous salts of the acids in question are 
soluble, but in the presence of air they are oridized and ferric oxide 
is thrown down. Sometimes this change occurs at the origin, 
the “ weathered ” rocks being .staini'd red or brown with iron ; in 
other cases, most of the iron is carried off into the rivers and often 
much of it reaches the sea, whero ferric oxide is mainly deposited 
along with the other suspended matter. Ferruginous sandstones 
liave, no doubt, in many cases beep formed in this way ; if the iron 
eonteht is high, they may eonstitut(‘ siliceous ores* of iron. If, 
however, the river pas.s(‘s through a lake on tin' way to tin* s(‘a. 
hydrated ferric oxide is likely to lie dropptal in the coin para tivi'ly 
still waters of the lak(' : tin* well-known deposits of [jake Iron 
Ore ” originate in this way. 

In (unses where a mdime.nUirff rock comes under the i»4iu(Mici! 
of the forces of denudation, the natur(‘ of the process naturally 
depends on the character of the rock. Limestone is attackial 
chemically hy water containing carbon dioxide, being carried away 
in solution ns a soluble bicarlionate. Sandstom^ and shale, on the 
other hand, are mei^hanically disintegrated, and tin' ri'sulting 
particles are liorne away in suspimsion. 

A certain amount of suspended matter may lie dro])})ed liy tln^ 
river before the water reaches the sea, as foj; instance Avlnu'e the 
speed of the water suddenly diminishes. Such river-deposits have 
occasionally a considerable importanc(‘, because if thii products 
of erosion of a crystalline rock should contain grains of the precious 
metals, such as gold or platinum, these heavy grains will be among 
the first to sink. 'I’Ik* well-known rich placer deposits of gold 
or platinum always occur in the valleys of streams which risitamdng 
rocks containing the metals in (juestion. Fvmi whmi the parent 
rock contains so little of t In^ precious element that it would not be 
profitabh' to crusli ft, the placer (h^jiosits formed an‘ oftcni of extreme 
value. Heavy mfnerals containing tin are also found in river- 
deppsits of a similar character. 

^ When th^ river reaches the sea, the velocity of the water decreases 
quickly, and fho whole of Ifiie suspended matter is dropped. Natur- 
ally, the coarser silica settles most quickly, being deposited close 
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to the shore as sand,^\vhich, if subscquentjy tlic s(^tYbe(l is raised to 
form fresh land, will become -oonsolidated into sanflstone. The 
finer silicates are carried farther out to sea an^d there sint to the 
bottom, foriniri" a deposit, which will finally beconuj* clay, shale, 
or — if very hi^ pressure comes to be applied to il>— slate. 

The calciuni, magnesium, potassium and sodium s»lts which arc 
carried down tcbthe sea in solution, are, of course, not deposited 
on tfie sea-bottom. .Various marine creatures, however, *l:)uild 
their hard parts out of calcium carbonate, and in that way most 
of the calcium is removed from the sea almost as quickly as it is 
supplied. It is from the hard parts of such creatures— coral, 
calcareous sponges, foraminifera and various shells-fish— that the 
important rock known as limestone is formed. By the inter- 
action of calcium carbonate— -either at the time of the formation 
of the limestone, or afterwards — with soluble ferrous salts, a great 
(leal of f(^rrous carbonate may be formed iu limestone ; such beds 
may constitute valuable ori'S oi iron. • 

The remaining soluble salts continue to accumulate indelinitcly 
in tlie sea. From time to time, howoveu’, it happens that a portion 
of the sea gets cut off from the rest and commences to evaporatcu 
When this occurs, the water will finally become supersaturated witli 
regard to tin) dissolved salts, which on(‘ by one will Ix' precipitated 
<ts cr} , talline (trusts. Salt deposits are still in the (tourse of forma- 
tion ill Itic Dead Sea Valley. Many of the important deposits of 
solul)le crystalline salts wfiich are mined in. dilferent parts of the 
world occur in rocks of the “ IkTinian " and ‘‘ Triassic ” ages, 
rocks wliicli are known from inde|)endent evidences — to have been 
formed under dry, desert conditions ; for the red sandstone of the 
same age consists of grains having a form ([uite unlike that of w^ater- 
borne sand, being a rounded form, as indeed is ahvays the case 
with the wiiid-ldown sand of descu't r(‘gions. The salt deposits 
'of Cheshire are of this age. Beds of soluble magnesium salts also 
occur in the 'rriassi(; formation. 

Amongst ilu' most important deposits of soluble salts occur- 
]‘ing in tlu' B('rmian and Triassic systems are those of Stassfiirt 
(Gernffiny^. Besides rock salt (NaCl), Bieserite (MgS 04 .H 20 ), 
and Anhydrite (Ca80,,), we find here beds of Carnallite 
(KCl.MgCla.OHoO), which constitute one of the main sources of 
the world’s siqiply of potassium. 
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into iiisoltiblc )'.ydrated ^xides or silicates ; , somot lines these are 
left belpid where at the. position of ‘the crystalline rock as deposits 
of bauxite, lateritc^ or similar material ; generally, however, most 
of the silicattt pincrals rich in aluminium are renu^ved — in a more 
or less altered condition — as fine “ clay particles,” which are, 
carried dowii in mechanical suspension by thd rivers to the sea. 
The silicates of iron are also to^a considerable ejitent attacked by 
water, especially if organic acids, derived from peat or some* other 
source, are present. The ferrous salts of the acids in question are 
soluble, but in the presence of air they are oridized and ferric oxide 
is thrown down. Sometimes this change occurs at the origin, 
the “ weathered ” rocks being .staini'd red or brown with iron ; in 
other cases, most of the iron is carried off into the rivers and often 
much of it reaches the sea, whero ferric oxide is mainly deposited 
along with the other suspended matter. Ferruginous sandstones 
liave, no doubt, in many cases beep formed in this way ; if the iron 
eonteht is high, they may eonstitut(‘ siliceous ores* of iron. If, 
however, the river pas.s(‘s through a lake on tin' way to tin* s(‘a. 
hydrated ferric oxide is likely to lie dropptal in the coin para tivi'ly 
still waters of the lak(' : tin* well-known deposits of [jake Iron 
Ore ” originate in this way. 

In (unses where a mdime.nUirff rock comes under the i»4iu(Mici! 
of the forces of denudation, the natur(‘ of the process naturally 
depends on the character of the rock. Limestone is attackial 
chemically hy water containing carbon dioxide, being carried away 
in solution ns a soluble bicarlionate. Sandstom^ and shale, on the 
other hand, are mei^hanically disintegrated, and tin' ri'sulting 
particles are liorne away in suspimsion. 

A certain amount of suspended matter may lie dro])})ed liy tln^ 
river before the water reaches the sea, as foj; instance Avlnu'e the 
speed of the water suddenly diminishes. Such river-deposits have 
occasionally a considerable importanc(‘, because if thii products 
of erosion of a crystalline rock should contain grains of the precious 
metals, such as gold or platinum, these heavy grains will be among 
the first to sink. 'I’Ik* well-known rich placer deposits of gold 
or platinum always occur in the valleys of streams which risitamdng 
rocks containing the metals in (juestion. Fvmi whmi the parent 
rock contains so little of t In^ precious element that it would not be 
profitabh' to crusli ft, the placer (h^jiosits formed an‘ oftcni of extreme 
value. Heavy mfnerals containing tin are also found in river- 
deppsits of a similar character. 

^ When th^ river reaches the sea, the velocity of the water decreases 
quickly, and fho whole of Ifiie suspended matter is dropped. Natur- 
ally, the coarser silica settles most quickly, being deposited close 
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passing downwards betwa^en them miisl^ necessarily ^ocoifte ground. 
Among the commonest forms plant for grilling t(f fine powder, 
however, are the “ball mills” and “ tube, mills,” ot which 
there are innumerable forms ; the mill consists in iK|arly all cases 
of a cylinder of iron or steel which is mounted wdtfi its axis hori- 
‘zontal, and which 4 s kept revolving about this axis, ^he material 
to be ground is pUced in the cyliiuler, along with a number of steel 
balls *01 flint pebbles .which serve to crush the material as tin; 
cylinder rotates. 

Sizing. No form ^)f crushing or grinding, however, gives a 
material of uniform size, and, since the fine material will call for a 
jnethod of m(flallurgical treatment essentially different from that 
suitable for the coarse material, tiie mixture must periodically 
bi‘ passed through some form (ff sieves or screen having openings 
of appropriate size, which will serve to separate the coarse from 
the line part icles. A shaking ^notion is often imparted to the 
scrt'cn l>y tftoans of machinery, so as to encourage the smaller 
particles to fall through the holes. Ibflary sieves, known as 

trommels^'’ an* very useful ; they an* usually of cylindrical 
form, and are mounted so as to nw'olve continuously about a 
nearly horizontal axis. 

For tla‘ sizing of the liner })ortions of ground ores, the rate of 
sfiiking of tlu' ])arlicles in water is utilized. If the finely ground 
ore is sti-Ted with water in a tank, and allow(al to stand, the com- 
paTativ(‘ly coarse ])articles or " saiuls ” will soon sink to th(‘ bottom, 
whilst th(‘ majority of tlu' very small ]>artieles will remain for some 
time in sus])ension, as '' slimes.'’ 1'he separation into sands and 
slimes is, liow('V('r, not entirely a (juestiou of sizi^ ; the sinking 
velocity of i^])article depends not only on the size, but also on the 
s])ecitic gravit y ; anil, since tlu' valuabk* mv. minerals have usually 
a higher sj)e(atic gravity than th(‘ gangue-material, an ore particle 
of an intermediate size may enter tlu* sands when* a gangue-particle 
of the same size would (‘utei’ tlu* slimes. Thus tfie methods of 
“ classilicati(Ui ” into sands and slimes based on tlu^ velocity of 
settling is not purely a sizing process, and may in some ores bring 
about ^ coftain amount' of “ concentration.” Continuous methods 
of classification of groinul ore into sands and slimes are largely 
used. One of these is described in the seedion on copper (Vol. IV). 

Concentration. After the crushing and thiy separation of the 
coarse, medium and fine portions, it is possible to proceed to the 
“ concentration ” proper of each of these portions. • 

Any process which aims at the separation of t^^'o• substance!!, 
Jiiust be based upon some definite dif(erence of properties. The 
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partial sejjaratpn of ga^»gue or rocky material from the metallic 
compounds, which Vo call concoirtratioii, usually depends on tho 
B fact that the valuable minerals dirfor from the ganguo either in 

t 

(1) appteance (hand picking processes), * 

(2) specific gravity (gravity separation pj’occsses), 

(3) adhesive force, connected with differences in intorfa(;ial 

• energy (flotation processes), t 

(4) magnetic properties (magnetic separation processes), 

or (5) melting-point (liquation processes). 

• * 

Tho concentration-processes depending on these five differences in 
properties will be indicated in turn : — 

(1) Hand Picking. A number of men or women arc employed 
to pick out from a heap of coarsely crushed material those pieces 
of ore which appear to be rich in jirecious minerals ; they rely 
mainly on the general api)e.ara)Ke*A the })ieces. Obviously such a 
separation is laborious, and, as a rule, far from complete. 

(2) Gravity Separation ^ has long been used for the concen- 
tration of gold, which is a far lu'avier substance than ♦he siliceous 
matter with which it is associated. When the early Californian 
gold-digger, taking a quantity of gold-bearing sand and water in 
his pan, swirled out tho light sand, whilst retaining the heayy 
particles of gold in the vessel, he was making use of tho dilfercnce 
in gravity. And the somewhat more (daboradi system of sluice- 
boxes, which were installed later in the same region, merely repre- 
sents a more efficient method of utilizing the sani(‘ ju’inciplo. 

Gravity separation is of great importane(‘ in lln^ concentration 
of the ores of copper, tin, lead and zinc, and imleed of most other 
heavy metals. The form of plant us(‘d vari(^s aeef)rdi ng to tho size 
of the crushed ore to ))e treated. 

For particles above .A, inch in diameter, a jig is usually employed 
(Fig. 19). This is a rectangular vessel divided into tavo compart- 
ments which communicate with one another at tlui bottom. It is 
filled with water, and in one compartimnt, a. plunger A moves up 
and down, thus alternately lowering and raising the JeveL of the 
water in tho second compartnumt. This second (ajinpartmcnt is 
provided with a horizontal sieve B, upon which is pla(!ed a “ bed ” 
consisting of coarsp pieces of rock. The suspension of crushed 
ore and water is alfowed to flow continuously into this compart- 
ment at C, above the bed, and the lighter (worthless) constituents, 
which are kept in suspension by the “ up and down ” motion of the 

^ bee R. H. Richai^R. “ Ore fJressing ” (published by the Engineering and 
Mining Journal). 
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water, are drawn off continuously wj^li^'the ovei^ow,*D, at th(‘- 

other end. The heavy and vakiable eonstitut?nts siilk in spite of 
the motion of the water, and are either drawn off .through a cftseharge. 
opening (E) arranged at a low level (i.e, just above tl|c l)ed) or —in 



anotlier ibi'in ol jig pass down through the sieve, lieing drawn off 

l)(‘l0W. 

Kor I’all^'i; h'ss eoarsi* material (‘‘sands”) the Wiltiey ’table, 
m* SOUK' otiu 1 ' form of shaking table, is employed. The Wilfley 
► table (Fig. 20) has a Hat surface, covered by thin strips of wood, 



or riffles, arranged lengthwise. It is sot at a slight inclination, the 
side AB being the higher ; inechanisni is also provided '^hich 
imparts a jerking motion to the table, raivsing the eijd BC. T^e 
pulp of ore and water is introduced irem E and tends to flow over 
the table, and out over the low end CD. The heavier (and more 
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valuable) \)arti(jles, howe^ve^;, get caught behind the riltles, and are 

gradually mSde to 'work along bthind the riffles by the jerking 
iiupartAl to the ta^^le, until they are discharged into the trough H, 
whilst the li^'hter particles are washed over the riffles by water 
introduced at'F, and pass out separately along the lower cikK 
into 0 . i ^ 

For still liner material (“sliijies") a shaking .table would fail 
to regain even the heaviest particle's, and a vanner is preft'rably 
employed. A typical vanner (Fig. 21 ) consists of an endless rubber 
belt moving over rollers, and arranged on slight incline so that 
on the up]3er side, it*is continually travelling upwards. The pulp 
of ore and water is fed on to the belt at A. The heavier material 
at once sinks and comes into good contact with tlic rubber ; it is 
consequently carried upwards by*the motion of the belt, and is 
removed at th(' upper end Jk The lighter pai'ticles remain sus- 
pended. however, and are washed downwards by th(' water which 
overflows at the bottom of the belt- or. in another fomn of vanner. 
over the side. TIk' whole system of b(‘lt and rolh'rs is mounted 



Tdilinp 
washed 
oft' here 


in such a way that it is shaken mechanically during the o]>erati()n ; 
the shaking ser\'(‘s to keep tlu' lighter particles in siispc'nsion, 

(3) Flotation.' This is a most useful prof(‘ss for the concen- 
tration of the ores of lead, zinc, and copp(‘r, and indeed for sulphide 
ores generally. It de])ends (ui tlu' fact that tlu* sulphides of the 
heavy metals show a different adlu'sivc force ” towards certain 
liquid.s from tliat shown by the accompanying rock-material. There 
are numerous variations of the [>rocess, but usually the or^is l^ought 
into a finely-divided state and made into a pidp with water ; small 
quantities of certain oils are added and the whole is mixed together 
under such conditions that bubbles of air are introduced into the 
mixture, yielding a^ froth " or "foam." TIk' ])roduction of the 
air bubbles is effected in dilFerent ways in differc'iit flotation plants. 
In the “ Mineral separations ” plant, the mixtun' is churned 

• * 

' T. J. Iloovt*'!’, " CoiKTutnhinjy Oifs by Klotulioii ” {pvibli.^hed by the 
Miniiig Mfigaziiic). 
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up witli rapidly rotating paddles so that air is suck(^d in fty vortex- 
action. In the Callow [)lant, ah* is forcjcd iiith tlie nuxtiire under 
pressure ])y means of a blower, thi'ough the porous bottom of the 
tank in which pulp is contained. In the Elmor|j process the 
.^lixture is sucked up into an evacuated chamber, so that the air 
which was previoitsly dissolved in the water a]j])eai‘ft as bubbles 
owing^to the red’jiction. of pressim^ 

The oil added forins«a thin interiuediab* film separating the air 
bubbles from the water. If the oil has been suitably chosen, it 
will be found that the valuable sulphide mineijils remain supported, 
(dinging to the thin films whicli form the walls of the bubbles or 
foam-cells, whilst most of the worthless silicates sink to the bottom. 
Thus, if the foam or fia^th is separat(‘d from the comparatively clear 
licpiid below, a \'(‘ry considerabk* d('gr(‘e of (concentration will be 
brought about. 

The success of the process (l(‘.||j*nds mainly on the suitable choice 
of the oils ; the addition must be adjusted so that as far as pbssible 
all the valuable sulphi(l(\s cling to the foam wliilst the gangue 
particles are not attracted. Tin* substanc(\s added are ’usually 
classified as 

» (a) Frothus, such as pine oil, wliich favour the })roduction of 

the froth ; 

and {!); ^hlhxiors, such as coal tar, which favour the adhesion of 
the minerals to the froth. 

Some forms of crude ])ine tar contain sulficient of both classes. 
It is gcjicrally assumed that a thin film of oil must l>e formt'd around 
the sulphide ])articles before tluw can attach themselves to tlu' 
oil-tilms surrounding the bubbles of t}H‘ froth. In certain ea.s(‘s, 
add is add^d to the water used in notation, a factor whidi 
a])pears generally to favour adht'siou of the sulphides to the 
froth. 

The theory of flotation is now fairly well understood.^ It can 
(easily be .sliowii - that, if two immiscible liquids, A and B, are 
shaken up witli a powalery substance X, and are afbnwvards allowed 
t(i sep^’at^e into two layers, then 

(i) if(7„x^f^sx+ ^Aic powder will collect in the 

li(piid A ; 

(ii) if + ^AB’ powder wOl collect in the 

liquid B ; * 

• 

* F. G. Mosos, Kmj. Min. J. 14 (1921), 7. A nUglitly different standjxi^it 
is adopted by J. Langmuir, Trans. Faraday^ov. 15 (1920)^ hi, 02. 

^ W. Reinders, Koll. Zeitsch. 13 (1912), 225. Coin])an‘ F. 11. Hofmann. 
Zeitsrh. Phys. Chan. 83 (1912), 285. 
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and (iii) ifi (T^g )?> cr.^^ +#/^.x’ again, if no one of the three 
* ‘ vahie8 (T^g, and is greater 

^ , than the sum of the other two, 

j the powder will ^collect at the 

interface of A and B. 

% (o’ representJi the interfacial 

Cinergy between two substances 
sulhxed). c * 

In eonnnercinl flotation practice, A represents the watcay jiliasi' 
(containing tin' water^soluliU' constituents of the oils added), B repn'- 
sents tlie oily phase, which is itself distributed in thin films ai'ound 
the air- bubbles. 'J'lie additions of oil and, if necessary, acid must 
])e so adjusted that, when X rejarsents a worthless silicati' pai'- 
ticle, condition (i) holds good, but when X represents a valuable 
sulphide particle, cither condition (ii) or condition (iii) holds good. 
In this adjustment, those constitlaents of the cr\ide oils which 
dissolve in the water, and which alter the values of the interfacial 
tension between the water and the mineral, jirobably ])lav as im- 
portant a part as the oily constituents proper. * 

Of course in practice the conditions which make for successful 
flotation have been arrived at empirically, as the result of experi- 
ence, and not been calculated from the values of intcrfacial tensioip 
which, in many cases, has never been measured. 

(4) Magnetic Separation d Many minerals differ greatly in 
magnetic properties from tlie rocky substances which occur witli 
them. The most magnetic mineral found in nature is magnetite, 
but many other iron minerals become converted in ])art to mag- 
netite, and thus acquire highly magnetic properties, if the (uaide 
ore is roasted. Magnetic methods have been used for 'concentrat- 
ing certain iron ores, but they are used much more for freeing 
tin-ores from certain minerals like wolfram and copper pyrites, 
which are either magnetic or become magnetic on roasting. 

Many forms of magnetic separators have been devised, more than 
one type being designed by Wctherill. In one of the best-known 
types (shown diagram matically in Fig. 22) the finely cru-^hed ore 
is charged at H on to an endless travelling Ix'lt, A, which con- 
veys it below the north pole of an electro-magnet ; the magnet 
raises the more magnetic particles from the first belt, and brings 
them into contact with the lower side of a second belt, B, travelhng 
at right-angles. This belt moves them away to the side, and, when 
they get out of range of the magnetic field, the particles drop 
off into a recepticle. Oft%n a second and more powcrfid magnet 

^ 0. CJ. Gimther, " Electro -magnetic Ore Separation ” (Hill Piibli.yhing C’o. ). 
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Mg, provided with a second belt C, is iQst^llecl to lift aii^i remove 
those feebly magnetic partioh^s which are not lifted b}^' Mj. 

(5) Liquation. Sometimes the valuable mineral is consider- 
ably more fiisibl^i than the ganguc, or vice versa. Stil^ite (SbgSs), 
•i^he commonest ore of antimony, is much more easily melted than 
the substances; with which it is associated. If, ttferefore, the 
jirodii^t from th« mine is heated hi a series of pots having holes 
in their bottoms, the stfbnite melts and runs out through the holes, 
leaving the worthless material behind, (hnsiderable eoiK^entra- 
tion is tJius brought aHout, but the process is^wastefnl. 

The separation of valuable from valueless material by any of 
th(‘ above-mentiom'd processes is, of course, far from compl('t(\ 
('\ (‘11 if tlie ])ro(‘(\ss lie repi'ated several times. They ser\ (*, howevc'r, 
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to bring up tlu' content of the metal to a vahi(‘ which makes it 
])ossible for the metallurgy jiropi'i* to comnuaHMC Some ort's 
notably those of iron -arc^ rich enough to pass to the snicUia’ 
without jireli miliary concentration. 

Meti^PXgical Operations. Metallurgy may be described as 
the technical jircparation of metals in the elemental condition. 
It has already been stated that the majority of metals occur as 
sulphides. In one very common system of metallurgy, the sulphide 
is first converted to an oxide by roasting « that* by heating under 
such conditions that the oxygen of the air has constant access 
to the charge. The reaction may bti expressed by the follofling 
general equation (in which M represen1|i a typical yielal) • 

MS -f ;10 - MO + SO., 
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The oxidi'^is th^ii " reduced ” to the iiietallie eoiuliiion by heating 
with coal, coVe, or earbon inonoxpde 

- M() + (’ M + ('() 

1 * or MO + VO M + CO, 

Where th(^ metal exists in nature as an oxide pr carbonate roast-* 
ing is not ne(‘essary, but the ore must nevertheless 'Ih' " (ailciiu'd ” 
or strongly lieated in order to drive oft water aiuf carbon diojiide. 

In the case of sulphide ores, an alternativt' treatment, known 
as “ roast -reaction,” is possible. T'he ore is partly roasted so 
as to change part o^ the sulphide to oxide* which is then heated 
more strongly w ith unchanged sulphide, so as to yield the metal ; 
the reaction may be expressed thus: - 

MS + TO , MO 4- SO., 

MS -f 2MO TM + SO., 

Indeed, in certain eases, it is possKiIe to Inirn oft the sul})hur from 
a molten sulphide in a single operation, sim])ly by forcing a blast 
of air through it, or over the surface. The lu'at of combustion 
of thti sulphur helps to maintain the temperature, thus to 
economize fuel. Even under these circumstances, it is quite likely 
that the change really takes jilace in tlie tw'o stages indicated aliove ; 
but it can be e.\])ressed (‘onveniently by the single simple equa- 
tion - 

MS -f O, - M + SO., 

Slags. Of great importance in any snu'lting jirocess is th(‘ 
character of the slag obtained. The slag represents, i‘ssentially, 
the rocky constituents of the ore in a molten condition, and consists 
therefore mainly of a mixture of silicates. .At very high temjiera- 
turcs, it is a moderately mobile liquid, but ^ as the tenqierature 
drops, it becomes viscous and pasty, hanhming at a still Iowan’ 
range to a glassy or smni-glassy mass. Since silicate mixtures (or 
slag) are practically immiscible with suljdiidc mixtures (“ matte ”)» 
and w'ith molten metals, the slag always forms a s(‘parat(' phase, 
floating on the top of the matte or metal. 

The consistency of the slag at a given tempenaturo d(^‘y^..tds vel'y 
much on its composition ; if it is too acid or too basic it beebraes 
stiff, and may even “ freeze,” and block the furnace. In order to 
obtain a consistenoy suited for the furnace operation, it is often 
necessary to add ctnstituents which will alter the character of the 
slag^ For instance, calcium carbonate may be added as a flux to 
iijake a higljly siliceous slag more basic, and hence more fusible. 

In many processes, the ^ag enters largely into the metallurgi(;al 
reactions, and in such cases its composition must be carefully main- 
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tained within the correct limits. For iiistance, in the manufacture 
of steel, it is possible by using agitable slag to'remov# most of the 
phosphorus from the metal. The phosphorus, is oxidize!!, and 
enters the slag as a pliosphate. For this purpose a^slag having 
,a distinctly liasic character is required, the free basic oxide being 
needed to combinf'^ with the acidic oxide of phosph.ftus (PoOg). 
A highly siliceops^slag is useless for removing phosphorus. 

Types of Furnaces? The type of furnace suitable for a metal- 
lurgical process depends not merely on the nature of the process, 
but on the physical (fharacter of the raw ipaterial. If the ore 
comes up for treatment in large lumps, the process can often be 
carried out with advantage in a blast-furnace (Fig. 23a). -Ore 
and fuel arc‘ fed into the furnace at the top, whilst the air required 
to burn the fuel is forced in at a cmisiderable pressure at the bottom, 
and travels upwards through the mass ; metal and slag are tapped 
through two holes below. ^ 

A large prtqiortion of th(‘ ore, however, comes up for treatment 
in a ratlu'r hue state of division : the majority of the ‘‘ concen- 
trates ” produced by the methods described above are als?i of a 
tine character. If more than a small amount of “ fines ” are in- 
cluded in the blast-furnace charg(‘, the shaft of the furnace vill 
become blocked, or, alternatively, the fines u'ill be blown out of the 
filrnai c by the pressure of the blast. In the case of some materials, 
it is po 'ible to cast the fines into briquettes, or, by sintering, to 
convert them to nodules, which may be treated like the lump ore. 

Generally, howewer, it is best to treat the finer ores by a different 
process to the lunq) ore. In such cases, the reverberatory furnace 
(Fig. 23n) gives better results ; it is also used in some cases for 
lump ore. i-'’ burnt in the “ grate ’’ of the furnace, and the 

flame of hot gas thus, produced is deflecf-ed downwards by the roof 
on to the ore-mixture, placed on the hearth.” In the more 
reccmtly designed reverberatory furnaces, we meet with a general 
tendency for the hearth to become longer and longer ; the extra 
length allows the hot gases to give up a greater proportion of their 
heat to the chargt;, and an (‘(a)nomy of fuel is effected. Fig. 23c 
shows a“inng-hearth furnace. For many purposes, however, the 
shorf-hearth furnace is still necessary, especially where the charge 
has to be kept at a very high temperature. 

In many rev^erberatory furnaces, coal is st-iil employed as the 
fuel. Those used for steel-making are almost invariably fired with 
producer-gas, whilst the long reverberatories employed in Am|srica 
for the smelting of copper are often fired by the injection of coai- 
dust or oil at one end; in such furnftces,. the ” ^rate ” can bo 
omitted. 

M.O.— VOL. I. K 
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If the ^urnarce is req^i^ed merely for routing or the caloini 
of ores without actual fusion, ground space is saved by roplaci] 
one long hearth by a series of short hearths one above the oth( 
In the muft^ole -hearth roaster shown in Fig. ^3 d, the fine o 
enters at the centre of the top hearth and is worked towards t] 



(B) (I) ( 2 ) (3) 

(E) 



A) Blast fnrnacf. (B) Short hearth reverlxratnry fiimnre. 

furnace. (1>) Multlf»|i- hearth roaster. (K) 


(C) Long hearth reverberatory 
Converter. • 


idge by means of' .rabbles fixed to a rotating arm ; at the edge 
t drops to the hVarth beJow whore it is rabbled inwards to the 
!ei\tre. Here it drops to the third hearth, and tluis it traverses all 
he hearths in turn, finally emerging in a roasted condition from 
he lowest Ifearth. Therliot roasting gases are provided by an 
iiitside fireplace and traverse the roaster in the opposite direction. 
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As the charge is continually being turned oyer and stiired^up by the 
rabbles, the gases come into effectual contact ^<^ith all^parts of the 
ore. Where a rich sulphide ore is being roasted, th(5 heat* of the 
oxidation of the^ sulphur is often sullicicnt to keep the temperature 
•git the required level ; in such a case no outside fireplace is needed. 

Special t 3 q)es^of furnaces are needed in cases where i/is desirable 
that the charge shcwld not come iutxi direct contaeWith the heating 
gases. Such charges may be placed in closed muffles, retorfs or 
crucibles, round the outside of which play the flames. As it is 
clearly necessary- owing to the imperfect conductivity of the 
retort-material -to maintain a higlier temperature outside the 
retort or muffle than is required inside, this form of heating is a 
wasteful one. For that reason, attempts have been made to raise 
the temperature of the charge eliictrically, and so to dispense with 
heating gases, whilst allowing the heat to be generated in, or close 
to, the charge itself. Electr^ -thermal processes,” as they 

are called, «iU be described in connection with iron and* steel 
(Vol. Ill) and zinc {Vol. IV). These processes, which introduce 
many problems of their owji, are most likely to be successful *\I\ere 
(‘lectrieal (mergy can be raised from water power. Wlierc Ihe 
(lectrieal energy has to be oldained indirectly from the combustion 
of coal, l)y means of an engine and a dynamo, losses of energy 
nt-cess.5rily occur. 

Anoilicr special type of furnace wliich jnay be njcntioned here is 
the converter. It is used only for those processes in which an 
easily oxidizable element is ‘‘ burnt off’ by passing air through 
■ -or over the surface of — the molten material, the addition of car- 
])onaceons fuel being unnecessary owing to the heat given out by 
the reaction.^ The converter is not usually employed for the direct 
treatment of ores, bu^ is utilized, in two important cases, to work 
up materials ()])tained ^by ])rcvious processes. One case is the 
removal of carbon and silicon from cast iron, in the Bessemer 
])rocess of siet^l-making. Tlie other is the remo\'al of iron and 
sulphur froni coj)per matte (a mixture of eopjxu* and iron sulphides) 
in order to obtain blister-copper. 

The co/rrtrter (Fig. 23e) is usually a pear-shaped vessel, supported 
at thf; centre, and is capable of being swung into position (1) for 
filling. It is then swung into position (2 ) and air is blown in tlirougli 
tuyeres in the bottom or at the side of the converter until the droop- 
ing of the (lame shows that the objectionable eleifient is eliminated, 
after which the cojwerter is tipped into position (3) to pour jthe 
finished metal out. ^ ^ 

A word must be added about the lilting of furnaces. In the 
blast-furnace there is a considerable mechanical wear upon the 
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sides, caiA^ed try the ru|;)buig of the descending charge. Tlie fire- 
brick lining of the blast-fnrnaoo used foi* pig-iron productior 
requires occasional renewal. For the smelting (^f copper and lead 
ores, a “ w£^qr-jackettcd ” blast-furnace is often employed. Here 
the structure has two walls of metal one inside the other, the spac( 
between tile walls being lilled with cooling waler. As a result, a 
layer of solidified ore freezes cyvcr the interior^ surface, and con 
stitutes the true lining of the furnace. The wear upon the meta 
walls in thus greatly reduced. 

In other types of ^furnace the chief facton which causes the lining 
to wear away is the chemical action of the slag. The material use( 
for the lining must be chosen according to the slag obtained in tin 
process. A basic lining would react with an acid slag ; an acic 
lining with a basic slag. In stoel-making in particular, a slag if 
essential which possesses either marked basic or marked acid })ro- 
perties ; if an acid slag is employed then the lining must be acid 
if a 'basic slag, then the lining must be basic. Acrid linings are 
usually made of silica in the form of sand, or sandstone ; basic 
linings consist of calcined magnesite or dolomite. 

Cold Extraction of Metals. It has already been remarkec 
that the furnace-treatment of “ fines prc‘sents many difficulties 
In such cases it is often worth whik* to consider whether it wouk 
not be more profitable to extract th(‘ valuable constituents 
“leaching” with an aqueous extractant at a low temperature 
Leaching may sometimes })rove remunerative with low grad< 
ores or tailings which are iiot worth treating in other ways. Tin 
extractants which hav(f Ixam employc^d are potassium cyanid< 
and sodium cyanide (for gold), sodium chloride, cyanide or thio 
sulphate (for silver), sulphuric acid (for copper a/id zinc) an( 
ammonia (for copper). If the metallic cotnpounds contained ii 
the ore are not directly soluble in one of these reagents, th(> on 
is first roasted. The roasting converts sulphides to sulphates am 
oxides. In the so-called “oxidized ores,” which are cspeciall; 
suited for wet treatment, this conversion has already been brough 
about by the forces of nature. In certain cases, sulphide ores ar 
roasted with sodium chloride, Avhich converts the sulphides ti 
chlorides. 

Whether roasted or not, the finely divkkfd ore is treated witl 

one of the extradtants mentioned above in a series of “ leachini 

1 * 

vessels.” Assuming that sulphuric acid is the extractant chosen 
it fvill act upon the oxide, producing a soluble sulphate, thus ; — 

' , MO - MSO4 -f HoO 

When the solution pa.s.ses out from the last vessel of the series 
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it is usually taken to^' electrolytic cells, wlu^rc an electwic current 
is passed through it, the free metei being deposited upoif the cathode 
and oxygen eliminated at the anode : — , * 

•M80, + H.O M + 0 4- H.HO, ‘ * 

*• f . § . . 

Since the original extractant— in this case sulphuru^ acid — is to a 
consicjerable exteri. regenerated, ttic licpiid can generally be used 
again for the treatment of further quantities of ores. Sometimes, 
however, the metal is liberated — not by an electric current — but 
by means of another le.iB valuable metal ; in si^h cases, the solution 
is usually of no further valii(\ for the extractant is not regenerated. 
Metallic cop])er can be liberated from a sulpliate solution, for 
instane(', by means of scrap iron, the iron sulphate produced being 
generally thrown away:— • 

OuSO,, f h(‘ -- K<‘SO,, + (hi. 

• 

Preparatfon of Compounds. Besides the elemental ntetals, 
there arc many metallic compounds which are of technical import- 
ance. In t^c case of easily reducible metals, such as lead, tht^e are 
commonly prepared from th(‘ metal itself. Where the reduction 
of the metal proceeds with dilhculty, as in the case of aluminium 
or of sodium, the useful compounds are ])repared from the natural 
source of the metal l)y processes which do not involve an inter- 
mediate jiassage to the metallic condition. 
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THE STUDY OF THE METALLIC STATE 
(METALLOGRAPHY) 

CHAP/KR I 

THE >S'rRUCTURE OF SIMPLE METALS AS THEY 
SOLIDIFY FROM 'tHE FUSED STATE . 

It is goiK'i’ally recognized tiiat the struetun* of nietal whicli has 
solidified fi^irn the molten state is crystalline in character. vSince, 
however, a mass of cast metal differs so strikingly from what is 
usually I'i'garded as a tyjiical crystal, it is necessary to consider in 
what Mmse tli(‘ word crystalline is ap])lied to metals. 

When a single ciystal of sodium chloride is grown from a super- 
saturated salt solution, a mon^ or less ])erfect geometrical form is 
obtained- usuall}’ a cube. If, instead of a single crystal, a large 
number of smaller crystals arc deposited, these will also approxi- 
mate to the cubic form ; but, where two difTcrent crystals have 
grown into contact with one another, the free development is 
ueca'ssarily stopped at the points of contact, and the cubic form 
of each individual is' to that extent modified. 

.Freedom of growth ts evidently a necessary condition for the 
development of the perfect geometrical form. But the external 
form is believed to be only the outward sign of the regular an’ange- 
ment of atoms throughout the whole crystal. Presumably, the 
ordered ,.,aj*rang<;ment of atoms will persist even when, owing to 
lack* of space, thei'xfernal form has ceased to be regular. If, for 
instance, ue fuse a (juantity of sodium chloride in a vessel and 
allow it to solidify, the whole mass takes the ('xternal forju of the 
vessel. There is, at first sight, no sign of any, special geometrical 
structure, but if tlie mass is broken up and examined under the 
miscroscope, evidence may be obtained for regarding the whcfle as 
an aggregate of small crystals. 

In the same sense, a metal casting is a crystalline aggregate. 
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Althoughttho e,xternal form is merely that of ‘the mould — the casting 

would be of*iio use if it \^ere etherise — the study of a section shows 
it to b(f composed of numerous crystal-grains, each of which possesses 
every property of the crystalline state except that of characteristic 
geometrical form. 

The Preparation of a Micro -section. The preparation of a 
section is therefore necessary before a study ot the structup of a 
piece of metal is possible'. Working details of the process must 
be sought elsewhere ^ ; only a rough sketch of the operation can 
here be given. The metal is sav-m across tit the point where the 
internal structure is to be examined and a specimen about 1 cm. 
square and about J cm. thick is cut out. The face to be examined 
is then made approximately flat by grinding with a file, or, in 
cases where this would cause a perinanent alteration to the structure, 
with emery. If the metal is too hard to be sawn, a sledge-hammer 
must be used to break off a piec^, which is then ground flat with 
emerj or carborundum. 

Having obtained a comparatively flat surface, it is necessary 
to continue the grinding with French emery paper, using first a 
comparatively coarse variety, but gimlually increasing the fine- 
ness of the emery employed until th(' surface appears to be smooth 
and brilliant. It is then ready for polishing, which is best per- 
formed with a wet cloth mounted on a revolving disc. A suitable 
polishing powder should be used on the cloth, fine alumina or rouge 
(ferric oxide) being the most .satisfactory. ‘‘ Globe Polish " on 
“ Selvyt ” cloth is u.sefid for polishing the softer alloys. 

Polishing is an essentially different process from the grindiijg 
with emery. The action of the emery is one of cutting, and causes 
a series of minute parallel grooves upon the surface. The fine 
emery removes the .striations cau.sed through, the previous rubbing 
with coarse emery simply by wearing down, or cutting across, the 
ridges that separate the grooves. But, however fine the last emery 
paper to be used may be, a .series of striations will always be left, 
although it may require a microscope to see them. The polishing 
operation removes these last fine striations by cau.sing material 
to flow down from the ridges into the grooves, and "the whole 
surface becomes absolutely smooth. The theory of thc' poliflhing 
proce.ss, which may be de.scribed as a proc(Ls.s of “ smearing,” is 
dealt with more fuUy in the next chapter. 

The polished settion has now to be etched in order that the 
structure may become evident under the micro.scope. Generally 
tjie specimep is simply immersed in a suitable solution ; occasion- 

* i 

^ C. H. Desch, “ Metallograpliy," Chap. VII (Longmans, Green & Co.). 
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ally gentle rubbing during etchuig may bi^ advisably ; in one 
method — now seldoni employed^— the ope^l’ations of jlbhehing and 
etching are combined. Various* corrosive substances are iJsed for 
etching different metalsd as shown below - 

For iron anc^ steel : picric acid (alcoholic), nitric ^cid, cupric 
ammonium chloride, ammonium persulphate, hydrochloric 
^ acid. • * • ^ 

For copper and alloys : nitric acid, ferric chloride, ammonia, 
bromine, ammonium persulphate, cupric ammonium chloride. 
For nickel and allies : ammonium persulphate, ferric chloride, 
chromic acid, hydrochloric acid. 

For tin, lead, antimony, bismuth and alloys : hydrochloric 
acid, ferric chloride, nitric acid, silver nitrate. 

For zinc, cadmium and alloyif : sodium hydroxide, iodine, nitric 
acid, chromic acid, hydrochloric acid. 

For aluminium and alloys t sodium hydroxide, hydrofluoric 
acid,^\ydrochloric acid. * 

For gold and platinum : aqua regia (a mixture of nitric and 
hydjjf:)chloric acids). * 

For silver ; nitric aedd. 

Occasionally it is conv(‘nient to etch a section electrolytically, by 
makii.ir it the anode in a suitable solution such as citric acid, am- 
monium molybdate or sodium chloride, and passing a small current 
through the solutioii.- 

It ]nay her(' be mentioned that, whilst for simple metals the object 
of etching is merely to disjilay the internal structure of the metal, 
for alloys — in which the composition varies at differmit ])oints 
of the section- the object may be to produce a different colour 
upon the difl'erent components so as to enable the observer to dis- 
tinguish between them. If this is desired, the (‘tching agent must 
be (;arefully chosen, if a steel containing phosphorus is treated 
with a solution of copper chloride containing hydrochloric acid and 
juagnesium chloride, the purer portions of the steel beconu' coated 
with copper, whilst the parts containing phosphorus are com- 
paratively^ unaffected. The differential colouring of the surface 
of an alloy is also sometimes carried out by the method of “ heat- 
tinting,” which although not. strictly speaking, a process of 
etching, may be referred to at this point.-’ steel containing 
phosphorus is heated to .‘100’^ C. in air, the surftaee as a whole be- 

^ (). F. Hinlsoii. J. Inst. Met, 13 (1915), 193. J. Czoeliralski, n. 

Kimn, .35 (HUrq, 1 129. 

^ F. Adcock, Ivst. Met. 26 (1921), 3C1. • 

» also J. «tond, J. Inst. Met. 11 (1914), 135. 
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comes reddish-trown, owing to the formation* of a thin film of oxide ; 

but the parts richeet in^phosphoiyjs have a distinctly blue colour. 
For other purposes, tinting may' be carried out by exposure to 
sulphurette(| hydrogen gas, which develops a film of sulphide on 
certain parts of the metal, or by exposure to bromine vapour. 

Examination of a Micro -section. The etched section may 
now be examined under the microscope. A common form of the 
apparatus is shown diagrammatically in Fig. 24.^ Light from the 
source A is directed by the condenser B, through the adjustable 
aperture D, and striking the glass plate E«is reflected downwards 
through the lens F, on to the specimen G, which is mounted upon 


the stage H of the microscope M ; in this 
way the surface to be examined is illumin- 
ated by light falling on it vertically- a 
condition which is generally desired for tie* 
study of a section. The lenses IJ constituti^ 
the objective of the microscope, the eye- 
piece being J. Wlitm the observer’s eye is 
placed above J, he sees the illuminated 
specimen G greatly magnified. 




Kfc. 2t.- -'J'lic Mi<‘ro-jili(»fo^rH]>}iy of m Suction. 


In order to obtain good dclinitioii it is essential thaV the surface 
under examination should be exactly at rigfit angles to thc^ optic 
axis of the microscope, and various devices have been introduced 
to facilitate the adjustment of the specimen in the desired position.^ 
It is also generally advisable to introduce a coloured screen in the 
path of the light, say at C, since even the most carefully corrected 
lenses do not always bring rays of diff(;rent wave-length«Jio a focus 
at exactly the same point ; a green screen is generally employed. 

When it is desired to photograph a section, instead of merely 
fco study its structijre, the camera att-achment K must be added, 

^ For further detuils of motallurgical miuroyu.opus, hoo J. If. f ». Monyjienny, 
Trane. Faraday 8oc. 16 (1920), i. 140. VV. Jioseiihain, Trane. Faraday i^oc. 
16 (1-920), i. 128. L. Aitcliisori and F. Atkinson, Trane. Faraday Soc. 16 
11920), i. 15a C. H. Desch, Trans. Faraday Soc. 16 (1920), i. 13.5, H. M. 
:^ayers, Trans. Faraday Soc. li) (1920), i, 100. 

* See for instance W. Rosenhain, J. Inst. Met. 13 (1915), 160. 
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which allows the magfiified image of the section tg fall^on tb the 
photographic plate i, which ^fter expfisure* is developed and 
printed. For the micro-photo^aphy of metallic section*, some 
workers prefer a horizontal microscope to a vertical iijstrument. 

, Appearance a Micro -section. ^ Fig. A of the frontispiece 
shows the typical structure of a cast metal. It is a i^icro-photo- 
grapl^of a section of cadmium whic4i has been etcharl with a mixture 
of chromic and nitric acids. The metal will be seen to consi? 5 t of 
small polygonal grains, separated from one another by sharp 
boundary lines which»are smooth but 
in many cases somewhat curved. 

Other metals show a similar granular 
structure, although in some cases tin', 
boundaries of the grains may be less 
i’<‘gular. Fig. C shows the boundaries 
separating three large grahis lead, 
whilst Fig. P shows the granular struc- 
ture of annealed cupro-nickel. 

It will b(‘ noticed in Fig. A lhat 
some of tlu^ grains appear light and 
others dark. 'I'his is not due to any 
real dilTercmoi; between the natural 
colour of dilTerent grains, for if w<‘ 
w(‘re t(; allow the light to strike the 
surface at a different angle, the grains 
uhich now look dark would become 
light, whilst those which ai-e now 
light would ap 2 )oar dark. 

If a section of this kind is can'- 
fully examined in microscope of 
still higher powau’, the reason wdiy 
some grains appear light and otheis 
[lark becomes evident." It will be found that tlu^ action of the' 
etching solution has produced, not a general w^ear upon the sur- 
face, but a series of well-defined parallel facets upon each grain, 
1x1 f of whieh reflect the light in the same direction (see Fig. 25). 
rh(‘*fact that the surface has been (corroded more in some* directions 
than in others alfords evidejice that the atoms in eacdi grain are 
xiTayed in a definite orientation, that is to .s^y, tliat Iht' grain is 
3 rystalliiie. »Since the facets remain paralli l Ihtoughout one grain, 
[evidently the orientation of atoms is the sanu' t hroughout the wdiole 
>f that grain '; in other words, each graiii i'e])r('sents^one crystal. 

* Soo J. A. Ewing, J. Inst. Met. 8 (1912), H • 

^ J. E. Stead, J. Iron Steel Inst. 53 (1898), 145, ospeoially pages 174-176. 
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Whefe wcv})ass, from* one grain to another, ht>wever, the inclination 
of the facetito the»surfjfce changes. Thus one grain (c.g. grain C) 
may reject light up the microscope tube, and appear light, whilst 
its neighbours reflect light in other directions and so remain dark. 

If we consicler for a moment the conditions under which the 
molten me>al has solidified, a reason for the granular structure 
will become app^irent. Supposv that a mass of hot molten metal 
is aflowed to cool down slowly and unifornily. As soon as ft falls 
below the melting-point, the metal may be said to be “super-cooled,” 
and is in a condition to crystallize if nuclty are provided. When 
the temperature ha5 sunk some degrees below the melting-point, 
the super-cooling is such that nuclei appear spontaneously ; that 
is to say, at various points within the liquid, groups of atoms com- 
mence to array themselves in th^ stable crystal-arrangement, and 
the minute crystals so produced continue 
to grow out in all directions. Now, if 
the coolflig has been slow the tem- 
perature is uniform, the nuclei will be 
distributed fairly uniformly throughout 
the body of th(^ metal. Su{>posing, in 
Fig. 20, that nuclei appear in a mass of 
metal at the points u, c, r/, e, and/, and 
crystallization spi'cads out in all direc- 
tions from the.s(^ points, until the solid 
metal produced by crystallization from 
one point meets that produced by crye- 
tallization from another. Evidently 
when the whole metal is solid, the 
structure will consist of numerous minute grains each of which 
has grown out from a .separate nucleus; and, if the 'nuclei have 
been distributed in a fairly uniform manner throughout the mass 
of metal — which should be the case if th*e temperature was uni- 
Form throughout the mass during cooling^ — all the grains should 
l)e of the same sort of size. But, whereas the rows of atoms con- 
stituting the gi’ain A, which has been formed by crystallization 
ipreading from th(‘ nucleus «, will be orientated in oncLjdirection, 
:he atoms of the grain B, which has grown out from the nuclcMis 6, 
vill hav(* a quite diffeiimt orientation. This is shown particularly 
veil by an actual micro-])hotograph of strc.ssed lead (Fig. C of the 
rontispiece). Then seri(^s of ])arallel dark lines (“ slip bands ”), 
he nature of which will be discussed in the jiext chapter, afford 
in iAdication of th(^ direction of the natural rows of atoms in each 
fystal. It'^vll be noticed that the direction is quite different 
n each of the three grains shown in the micro -section. 



Fic. 26 , — Equiaxed Poly- 
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distributed Xiicloi, 
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The theory of erystallization from .ni^clei explains,* therefore, 

very satisfactorily the formatioii^)f the graiiulai* structure of slowly 
cooled metals. The theory may be tested by applying it t(5 a case 
where iiolygomij structure is not observed. Su])pc)sp]j| that liquid 
ijnetal is allowed t^ cool quickly in a metallic mould, which readily 
conducts away^the heat. In such a case, the temperiffiurc of the 
mass is never uniform. The oiitftr portion, in contact with the 
mould, will fall below -the melting-point whilst the interior is'still 
many degrees above it. Evidently all the nuclei will be produced 
at or very near the •surface of 
the mould (Fig. 27 (a) ). Growth 
will commence from the nuclei 
a, b, c, d and e in all directions, 
but in the direction parallel t« 
the surface of the mould, the solid 
formed by crystallization %)m a. 
will soon ftieet with the solid 
formed by crystallization from h, 
and in this^direction growth must 
soon cease. On the other hand, 
in th(^ direction perpendicular 
to the surface, the crystals can ex- 
tend dmost indefinitely without 
meeting any others. Therefore, 
in a case of this kind, long thin 
crystallites will b(^ formed. In 
fact, ingots of steel, cast from a 
high temperature, may consist al- 
most entirely of long thin crystals 
perpendicular to tln^ walls ; the 
crystals extend from either sid(‘ 
into the centre of the ingot, and 
only cease where they meet with 
similar crystals which have grown out from one of the other Avails, 
or from the bottom of the mould, as shown in Fig. 27 (b).^ On the 
otlier hand, where the steel is poured into the mould at a lower 
temperature, the interior portions may pass below the melting-point 
before the whole is solid. Consequently nuclei are formed in the 
centre of the mass, and the central part of ^he ingot consists of 
the ordinary polygonal grains having nearly equal development in 
all directions (“ cquiaxed structure”), whilst the outer jiortions 
consist of the long thin crystals perpendicular to the surface. * This 
state of affairs is shown in Fig. 27 (c). • • 

^ A. W. and H. Brearloy, J. Iron Steel 94 (191(>), 137. 
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Some id^3a of 'the aver^^ge.size of the grains which make up a metal 
must be given. Iil metals of high melting-point, cast under con- 
ditions* which favour the production of an equiaxed structure, the 
size is oftcn 4 .b^tween 0-1 and 0-01 mm. diameter. ^It is sometimes 
stated that the quicker a metal is cooled, the siqaller the grain-siz^ 
will be, anJ this is very generally true. Usually the effect of cool- 
ing a metal rapidly below the mrtting-point is to cause the formation 
of a'very large number of nuclei before there is time for the crystal 
growing from one nucleus to meet that growing from another ; in 
consequence the grajins will have a very small size. But the rule 
just given is not of universal application because any increase in 
the degree of super-cooling not only causes an increase in the rate 
of j>roduction of the nuclei, but also affects the velocity of the 
growth of the crystals extending from those nuclei.^ 

Certain metals of low melting-point, which naturally cool down 
more slowly in casting than mejals wdiosc' melting-point is very 
high, •are commonly met with in grains of quite lafgc size; an 
example is lead, in which crystals having an ar(\a of I 4 sq. 
inchcfi are easy to produce. 

x^bnormal shapes and sizes always occur close to a cooling surface. 
The structure of steel ingots with long thin crystals perpendicular 
to the sides has already been described ; here we may meet with 
crystals many inches long. The beautiful radial structure ob- 
served in an ordinary stick of cast zinc, which is visible when the 
stick is broken across, is an example of the same effect on a smaller 
scale ; the crystals extend from the circumference to the centre^ 
oi the stick. 

The crystallization of metals in thin layers is often favourable 
for the formation of grains of visible siz(‘. If, in a thin layer, the 
number of nuclei per unit volume is the sany; as in a thick mass, 
the numb(‘r per unit area will evidently be greatly reduced ; the 
Bmensions of the grains produced should therefore be imu'eased. 
[n the thin layer of zinc on the surface of galvanized iron (produced 
by the old “ hot ” process) the large grains are extremely con- 
spicuous. 

Th^ Form of the Growing Crystals. The boundary separat- 
ng two polygonal grains represents, of course, the surface along 
vhich the crystals growing from two different centres have met. 
The form of the grains produced is said to be allotriomorphic, 
)eing determined by the mutual interference of the different 
Tys^als, and it affords absolutely no indication of the shape pos- 
»ssed by tke small crystals during their free growth before they 

* f 

^ Sec (i. Tamniunti, " Lehrbiich der Metallographie ” (Voss), 1914 edition, 
>ages 16, 17. 
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meet one another. The granular outline may often happek to 
approximate to that ol a regularjequare or hexagon, but this must 
not be looked upon as in any way connected wif-h the well-'known 
geometrical for^is shown, for instance, by freely-grov^ng crystals 
^f a salt, nor is thc^hapc of the grains any sign of the crystal -system 
to which the metal belongs. As a matter of fact, if (fhe growth 
from the various luiclei had taken •place with cqu^l velocity in all 
directions (the freely-growing crystals being thus a series of t^on- 
stantly expanding spheres), the grains produced when the crystalli- 
zation was complete would have had the forms of polygons bounded 
by absolutely straight edges. ^ 

Two kinds of observation, however, afford information of the 
shape assunied by the crystal during its growth. The first concerns 
the patterns produced upon the iree upper surface of a solidifying 
mass of metal. 2 When moltcm metal is cooling, it contracts, al- 
though in certain metals (c.g. antimony and bismuth) the actual 
proccs.s of iSolidification is aitcompanicd by an expansion. If 
crystallization commences at the free surface of a metal, the grow- 
ing (‘lystallites appear in relief at the surface, whilst the })CJi’tion 
which is still liquid continues to recede. When the whole has 
become solid, we still see a pattern in slight I’clief upon the surface', 
representing the shape of the early-formed crystals. Thus we are' 
able te study at leisure the shape assumed by the crystals during 
the early stages of growth. This study makes it a])])arent that 
crystallization from the centres has not spreael out in simple geo- 
metrical forms, sue'.h as cubes or octahedra, but that curious 
branched skeleton -crystals have been produceel. Often the skele- 
ton-crystals have a peculiar I'C'.semblaiKKi to the forms of plants 
and trees, and are spoken of as “ dendritic growths.” Those 
that cover the surfac^e^of aluminium are sometimes fern -like, whilst 
at other times they recall the appearance of a lettuce-leaf. The 
crystal-skeletons of (iadmium (a metal which crystallizes in the 
hexagonal system) have commonly the form of a six-rayed star, 
and a particularly perfect s})ecimen is shown in Fig. B of the frontis- 
])iece, a micro-pliotograph of part of th(' surface of a cadmium 
ingot. Dendritic markings are especially conspicuous oh the 
surface of pure antimony, and are known as the " star of anti- 
mony.” 

If we grind away the surface layer, and tl^n polish and etcli 
the metal just below it, we find the ordinary granular structure. 
There is no sign of fern-pattern, lettuce-leaves or stars within the 
etched metal ; the contrast between Figs. A and B of the frontis- 

^ r. A. F. Benodicky, ./. Ind. Mc^22 (1919), 204. 

W. Campbell, MdaUuryic, 4 (1007), 801, 826. 
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piece, which lepresent re^^pectively the section and the surface 
of the sam 5 metal, * cadmium, is wry striking. Ih'csumably when 
the defndritic gro.wths from the different centres in the interior 
of the met^^l meet one another, and can grow ou^twards no more, 
the liquid crystallizes between the fronds, cc^nnecting them to, 
get her, aiiH destroying all traces of the original dendritic shape. 
At the surface, this “ filling-in ’« process cannot, occur, owin^to the 
liquid portion having receded downwards and here the dendritic 
pattern will survive. 

In certain cases it is possible to watch the development of a 
crystal skeleton, if lead (a metal crystallizing in the cubic system) 
is melted in a flat iron dish and allowed to solidify slowly, a very 
striking effect is produced. ^ One or more arms shoot out from the 
place wherq crystallization starts, gradually 
spreading over the nK)lten metal. Then at 
intervals along these arms, others appear at 
right angles to them, and from <11080 gi’ow a 
third set parallel to the first ; then a fourth 
set strike out at right angles to th(' third. 
This jirocess continues indeliihtely, causing 
th(^ gradual filling in of the space between^ 
the earlier arms. The growth of each indi- 
vidual crystal proceeds until arrested by 
meeting the sides of the dish or, alterna- 
tively, another crystal. The outline of the 
growing crystal is suggested in Fig. 28 . 

Nevertheless, it appears somewhat unwise 
to draw conclusions as to the events within 
the interior of a mass from the phenomena at 
the surface. Fortunately, there is an entirely 
independent means of knowing that crystalline growth in the in- 
terior is of a dendritic character. In the solidification of certain 
alloys, such as brass, bronze and cupro-nickel, the composition of 
the first portion to crystallize is often somewhat different from 
that of the last portion. If a section of such an alloy is treated 
with, a suitable etching agent, it is possible to distinguish the 'first 
portion from the last. It is easy then to see that the outline of 
the first -formed crystals is dendritic, as is shown in Fig. E of 
the frontispiece, section of a copper-nickel alloy (cupro-nickel). 
Had the metal b 3 en a simple one, all evidence of the original 

C. W. Humfrey, Phil. Trans. 200 [AJ (1903), 226. 

•’ 2 Compart Adcock, J. Imt. Met. 26 (1921), 301. See also the examples 
of “cored ’’ bronze.s and hrlsses given by O. Smalley, J. Soc. Chem. Ind. 
37 (1918), 191 T. 
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dendiitic structure would have vanislffed, ^hen the ‘spjce between 
the fronds was filled in. t 

The fact that the atoms throughout a polygonal grain hUve one 
orientation shojvs that the whole of the dendritig ^owth that 
•starts from one nucleus is really a single crystal. It ^nay seem 
strange that so complicated an outline should result from so simple 
an internal stnicliUre. The production of dciKlritic forms in 
solidifying metals can, however, he explained in the following way.^ 
Supj)ose that the first minute crystal produced from the super- 
e(Joled liquid metal •was a ^ ^ 

perfect cube {Fig. 29a), and 
imagine it to grow slightly by 

the solidificotion of fresh metal 

upon it ; this solidification • ^ ^ 

causes evolution of heat, and 
will raise the layer of liquid ^ 

all round ttie surface of the • 

(jube to tin* melting-point. 

Crystallization will then stop, ^ / 

and can only continue when | [ 

a fresh (j^uantity of the super- 
cooled liquid can reach the 

crystalline surface by “ con- ^ ^ / \. 

vectioii ’ or, alternatively, L/ \J 

when the comparatively hot f<9 (D) 

layer just outside the crystal t’lc. 20.- (.'rystal Skeletons produced 
. r •! 1 i. 1 by accelerated CIrowth at the cor- 

can give up some of its heat by 

“ conduction ” to the cooler 

liquid round^ about it. Both tlie processes occur most easily at 
the corners of the cube, wdiere the solid is surrounded, as it were, 
on three sides by liqiqd ; therefore, crystallization occurs more 
readily at the corners than at any other ])lace, as showm in Fig. 
29b. As the diagonal axes arc elongated, the conditions become 
even less favourable for crystallization at points other than the 
corners, and thus the diagonals grow out farther as shown in Fig. 
29d and d. In such a way the crystal skeletons* are produced. 

It Inay be mentioned here that dendritic forms are met with 
under special circumstances, in the crystallization from solution 
of salts, which normally crystallize in well-viarked geometrical 
shapes. The dendritic habit is commonly obtaified when a colloid 
is added to the solution.- T'he explanation is similar to that giAen 

^ 11, Vogol, Zeitsch. Aiiorg. Chem. 116 (1921), 21, See al|o T). Lelimani?, 
“ Molekular Physik ” (Engelmann), pages 685, **327, 337. 

® J. H. Bowman, ,/. Soc. Chem. I ml. 25 (1906), 143. 
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for tne apTppar^nce of (Ifjndrftic growth in metals. When a cub 
crystal of sodium chloride is placed in a supersaturated solutio 
free from colloids, the natural diffusion will keep the concentrt 
tion of the^sohition in contact with the crystal high enough t 
allow deposition on all parts of the faces ; -the cubic form i 
therefore maintained. If, however, a little gum arabic is adde 
to the solution, the latter bedomes viscous and the diffusion i 
retarded. In consequence, the crysta]lizath)n occurs more readil 
at the coriuTS than elsewhere, and a skekdon form is gradunU 
produced. , i 

Familiar examples of this fasdnating form of (aystal growth ar 
provided by the frost patterns upon onr window-panes, and by th 
shapes observed in snow crystals when they are t'xamined tlirciig 
a lens. 

Determination of the Crystal System in which a Meta 
crystallizes. It has already Ixa n remarked that the shajic of th 
grains obserxed in a micro-section is no indication o? the crystn 
system to which the metal belongs. The arrangennents of the facet 
produced by etching is, however, a true key to the crysta’ structure. 
In the case of some specimens of steel, deep etching produces i 
series of well-marked steps, the corner of each step having the forn 
of the corner of a cube ; such a structure would S(^em to sugges 
that iron crystallizes in tlu^ cul)ic system. Brittle iron containin] 
phosphorus has actually been broken up along the cleavage plane 
into perfect cubes. In most cases, more definite^ information i 
given by etching of a light character. Jt is often found that tin 
lightly etched surface is covered with a series of depressions o 
etching -pits bounded by straight faces, and generally having i 
well-marked geometrical form.- These etching-pits rre occasion 
ally called negative crystals ; in many reuses, they liave tin 
form of cubes or octahedra, the gcaieral shape of the ])its ))eiiq 
similar to the impression left w'h(‘n the side — or perha])s the cornei 
— of a solid cube or octahedron is pu.shed into soft wax, and is thei 
pulled out again. 

Usually the results of etching ])i’ovide ample evidence regarding 
the system in which a metal crystallizes. Our conclusions are con 
firmed by the general character of the dendritic growths producer 
at the surface of cooling metals. Cadmium, for instance, whicl; 
crystallizes in the hexagonal system, often shows a six -rayed stai 
Dll the surface (see Fig. B of frontispiece). 

[. ^ J. E. St^ad, J. Iron Steel Instl. 53 (1898), 17f), with 8 r) 0 cial reference tc 
Plates XVII and XVIII. 

J. A. Ewing and W. Kosenliahi, Phil. Trans. 193 [A] (1900), 3.37. See 
ilso V. (:lold.schinidt, JiiUl. Wi-sconsin Univ. {Science Series), 3 (1904), 23. 



147 


STRUCTURE Of SIMPLE METALS 

« • 

Occasionally, indeed, there is mote, direct evidenje* regarding 
the system of symmetry to whic^f a metal should be assigned. For 
instance, copi^er is occasionally found in nature in the lorm of 
perfect oetahc(|j‘a, and similar forms have been pjo^iuced in the 
.laboratory under 4;pecial conditions ; this confirms they view that 
copper belongs ^to the cubic system of crystal-synimetry. 

In recent years, .the X-ray metWbds of W. H. iushI W. L. Bragg, 
Hull and Dc^bye, liavft made it possible to determine, in many 
metals, the actual arrangeimmt of the atoms throughout tli(> crystal. 
Most of th<‘ metals hate their atoms arrangei] on a centred cubii^ 


lattici^ or a face-c(uitred cubic lattice, whilst others 

(uystallize in the 

hexagonal systiun , 

as is sliown in 

1 tlie table below. ^ 

Mtd als belonging 

to the same group of the P(‘i 

iodic Classification 

are bracketted 

together. 


• 


Cunio Sysi 

PKM. 

Riiomhoiikdkal* 

lIKXAdO.NAL 

SVSTI-!U 

Tktkagonal 



SYSTEM. 

Centred-cube Lr/tice. 

Face-centred Cube* 

0 


Lattice. 



1 ]..it Ilium 

(jalcium 

' Beryllium 

Tin (" while ”) 

< .Sodium 

x41uminium 

1 Mague.sium 

Indium • 

'rilaninm * 

AVibalf 

1 Titanium 


Tuidaliim | 

Ni<-kol 

( Zirconium 


|(!})romiiim 

! Kliodium 

1 Kutlicnium 


- JMoIylxiemim 

1 J^allacliimi 

1 Osmium 


' Timg U'u 1 

Iridium 

, Zinc 


Iron 

Platinum 

( ('admium 


( 

t^opper 

- Arsenic 


1 

Silver 

Antimony 


( 

Cold 

1 BisnnUli 



LhkI 




Iiitra-gri^nular and Inter-granular Fracture. Rosenhain’s 
Theory. Jf a jiiece ot metal is broken in two, tin* line of fracture 
may either })ass across t]ie grains, following the chaivage-direction 
ill each grain (Intra-granular fracture), or it may pass between 
t-h(' grains (Inter-granular fracture). Jloth types of fracture 
are known, but. the former- at least in the technically useful metals 
— is much the more common. 

This may seem curious. It might seem likely that the boufidary 
where* two ditTcrent grains meet one another would be a “ surface 
of weakness,” and that, on the least shock, the two grains would 

come apart. But that does not appear to be tlK' case ; Rosenhain 

• 

1 W. 11. Bragg, Fkil. Mag. 28 (1914), 3rM. L. Voganl, Phil. 

(19J0), 83; 32 (19l()), «»r>. P. Debye, Phns. Zeitsch. 18 (1917), 483 
8cherrer, Phys- Zcitsch. 19 (1918), 27. A. W. Hull, Phy.<t. Rev. 10 (1917)* 
OGl ; Science, 52 (1920), 227 ; A Pkrt. Eng. 38 (1919), 

1445 ; ./. Franklin Inst. 193 (1922), 189. 
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has ihowrf, ^n'the con^aBy,** that, in many cases, the boimdar 
is a surface of especial strength, r^riie theory of an inter-granula 
“ amorphous cement ” ^ explains the difficulty adequately, an 
leads to sorte interesting conclusions. 

Consider the arrangement of the atoms on the thoundary bet wee 
two grains A and B (Fig. 30). The atoms throughout grain A 
having arrayed themselves undef the influence of the crystallizatio 
from the centre a, hav(^ one orientation ; 'the atoms throughou 
grain B, which were arrayed according to the crystallization froi 
the (centre b, hav(^ anpther orientation. The htoms at the boundar\ 
however, must come under the influence of crystallization botl 
from a and from h simultaneously.- It is probable, therefort 
that the boundary atoms will remain in a more or less disorders 
state ; in other words, when tlie 'whole of the metal has cooled t' 
the ordinary temperature, the boundar; 
layers separating the various crystallin 
grains will have an amorphou's charactei 
like that of a glass. As was explained ii 
the introduction (page 46), a glass possesse 
a structure comparable in some respects ti 
that of a liquid, but must be regarded as j 
liquid so viscous at ordinary temperature 
as to be absolutely rigid. 

In considering, therefore, whether a lin^ 
of fracture will pass between the grains o 
across them, we have to compare th< 
liability to breakage of a glass and a crys 
tal. As has been pointed out, there an 
certain planes in a crystal -the cleavage-planes — gilong wind 
fracture occurs with esjiecial ease. A glas^, in which the atom 
are not arrayed on any definite ])rinpiple, has no cleavagi 
planes and therefore no direction of special weakness. On th( 
other hand, the glass gradually softens as the temperature rises 
becoming more and more like an ordinary liquid, whereas a crysta 
retains its strength almost unimpaired up to the melting-point 
abovo which the strength suddenly drops. The curves of Fig. 3^ 
show the way in which the strength of the crystalline and amor 
phous (glassy) forms of the same metal vary with the temperature 
At high temperatures the crystalline form will be stronger, whils 
at lower temperatures the amorphous form will be the stronger 

^,W. Rosenhain and D. Ewon, J. Inst, Met. 8 (1912), 149; 10 (1913) 
J19. 

* See C. A. J. Benedicks, J. Inst. Met. 22 (1919), 103, Compare Sir A 
Ewing, Trans. Faraday Soc. l7 (1921), 61, but note the objection raised In 
C. H. Desch, Trans. Faraday Soc. 17 (1921), 79. 



Fio. 30. — AmorphouK 
Layers produced at 
(Irain Boundaries. 
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The temperature at which the curves, cross one ano|lKir (tAat is. 
the temperature at wliich both forms are^cqually strong) is a point 
of some importance ; it has been named by.- Jeffries tRe equi- 
cohesive ter^peratureJ ^ ^0 

Since, below tl|e cqui-cohesive temperature, the crystalline form 
is the weaker, ^the fracture will pass across the grains, as has been 
observed above ; , the amorphous phase may at such ranges be 
regarded as a strong •cement, binding the grains together. *But, 
above the cqui-cohesive temperature, the amorphous phase will 
bo the weaker, being tndeed nothing but a viscous liquid, and the 
grains should part one from another when force is applied. This 
has been confirmed by observation. It is found that the fractures 
of iron, 2 lead,^ tin,^ aluminium,’’ bismuth,'’’ and copper ^ are gener- 
ally i liter -cTysf alii ne at high • 
temperatures, and generally 
intra -crystalline at low tem- 1 \ 

peratnres. • | 

It should b(‘ ])oinied out e 
that the cohesion of tlu' ^ 
amorphous form of metal at ^ 
low teinpei'atures is not the ^ 
only cause of the speiual • \ 

strer-rth of the inter-crystal- ; 

line SLirhices. It is clear that, 

. in many cases, there is actual : , 

interlocking at the boniiflary 

between the dendritic growths Tempe^ure. Point, 

whicl, h.ave advance,! from Temperature 

either _.idc, and this sort of 

dovetaihng betwcfui th(‘ grains Mh< tor with lli<' 'r<*inpemtmv. 
must add materially ^to th(^ 

strength. Nevertheless the special strength of the inter-granular 
surface appears to exist even Avhere the boundaries of the grains 
are perfectly smooth, and Avhere no interlocking can be detected 
in a micro -section. This can only be explained satisfactorily 
by admitting the existence of the inter-graimlar amorphous 
cement. 

Inter-granular fracture may occur even at low temperatures if 
the metal contains an undesirable impurity.. If copper contains 


• 

^ Z. Jeffries, J. Amer. Inst. Met. 11 (1917-18), 300; Trans. Amer. Inst. 
Alin. Eng. 60 (1919), 474, especially pages 501 and 502. ^ 

2 W. Rosen hain and J. C. W. Hiimfrey, J. Iron Steel Inst. 87 (1913)* 219, 
* W. Rosenhain and D. Ewen, J. Inst. Met. 10 (1913), 119. * * 

^ G. D. Bengough and D. Hanson, J. Inst* Met. 12 (1914), 66 (especially 
p. 67). 
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ca sm^lll quantity of bisi^iiifh* the impurity collects at the boun- 
daries of the different grains, prefenting them from meeting each 
other. ’Bismuth b?ing a fragile metal, the whole metal is made 
brittle, the iinp of fracture being of course inter-granular.^ 

Steel co^;taining a small quantity of iron sulp^iide is brittle for, 
the same reason, the sulphide forming a web-like membrane be- 
tween the grainsi Many other ‘cases exist in \j'hich a trace of a 
non-metal causes a nonually strong metal to break with an inter- 
granular fracture. An experienced man, by observing the char- 
acter of the fracture pf a metal, can often say whether non-metallic 
impurities have been (diminated or not. 

There is another interesting develo})ment of tlu' conce])tion of the 
inter ■crystalline cement as an (‘xtremely viscous liquid. In any 
liquid, the resistance to (diangei»of shape which is due to the 
N'iscosity, depends on tlu' rate at which the (diange of shape is 
brought about, ddie resistance' very gn'at when the change' e^f 
shape Is rapid ; for instanere', water a liepiiel of quite l6w viscosity 
behaves almeist like a rigiel substance towards a rapielly mov- 
ing blade. On the other hand, the re'sistance is greatly reeluced, as 
the relative motion becomes small. Many amorphous substances, 
therefore, which are really very viscous liquids, behave towards 
sudden blows in a different manner to tlu' way in ’\\'hich they behave 
towards small stresses acting for a long jieriod. Cobbler’s wax,- 
for instance, is a substince whitdi by the slow application of force can 
be moulded to any form, and behaves, therefore, as a typical 
viscous liquid. But, if suddenly struck, it cannot undergo the 
plastic deformation with sudicient rapidity, and the effect of 
the blow is to make it fly to pieces ; thus, towards sudden forces, 
cobbler's wax behaves like an unyielding, brittle solid. 

Consider now the condition of the amorphous material that 
separates the grains in a ])ure metal. At, low temperatures this 
behaves towards quickly applied forces as a strf)ng cement binding 
the grains together. But towards a small force acting for a very 
long time, the behaviour may diftV'rent ; in otlier words, the 
3 qui-cohcsive temjierature may depend upon the inaTiner in which 
bhe forte is ap})lie(k It has been shown that prolonged stress acting 
upon lead, mild steel or an alloy of aluminium may cause an ihter- 
^ranular rupture, even at a comparatively low temperature, al- 
though a quickly applied force produces intra-granular fracture 
under otherwise siihilar conditions. In order to obtain tlie inter- 
granular form of fracture it is, of course, necessary for the 
boundaries f^eparating the grains to be very smooth ; inter-granular 

^ J. 0. Arnold and J. Jefferson, Engineering, 61 (1890), 176. 

* A. W. Porter, Trans. Faraday Soc, 14 (1919), 197. 
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fracture is nob usually obtained whgire there is aiiy ayproa-^ to 
interlocking between fhe grains.^ ^ . • 

The argument stated above has been applied^ by Rosenkain^ to 
account for the “ season cracking ” of brass ; it is foundjbhat certain 
^brass articles, sui^i as cartridge cases, sometimes ‘develop cracks 
on storage, although only exposed to very small forces, such as 
those caused by ‘internal stress i’ -a subject wj^iich Avill bo dis- 
cussed in the next chaipter. The cracks only appivir v ery slowly, 
and always follow the boundaries between the grains. Season 
(‘.racking occurs most yften when there is some slight elevation of 
temperature ; brass cartridge cases fail in this Vay more commonly 
in India than in England. It is suggested that, towards these small 
forces acting for a long time, the inter-granular material behaves 
like a viscous liquid. ^ 

It is necessary to add, however, tliat Rosen hain’s explanation 
of s(^ason-ci‘acking, ba.sed m a " visianis how " of the inter granular 
material, li as not. been ac(!cpted universally.- It appears .to be 
established that in almost all practical oases of season-cracking, 
another factor, namely the seh'ctive corrosion at the ci;ystal- 
boundariet^ has an important influence.’^ Certain corrosive agents, 
notably ammonia, a substance which is commonly ])resent in the 
atmos])h(;re, appear to atlack the inter-granular matei'ial of brass 
in piTterence to the substance of the crystals themstdves. Wherever 
by thv , let ion of amimmia the inter-granular cement is removed, 
the smaih'st forces will be sullicient to ])nll the grains aw’ay from 
each other, and the (iracks Avhich thus open between the grains 
allow th(' corrosiv(‘ agent to j)enetrat(‘ further along the inter- 
granular boundary, until linally in extreme cases- the grains are 
completely parted from one another. 

Summary. The ^tudy of a mi(vro-s(‘ction of a piec(‘ of cast 
metal usually shows th{^t it consists of ])olygonal grains, each grain 
being a separate crystal, which has grown from a singki nucleus. 
All tln^ atoms Avithin a single grain are arrangcnl according to a 
single mode of oriejitation. The boundary of the grains represent 
t he lines along Avhich the crystallization from dilTercnt centres has 
ml't one anothei-. Where the metal is coi^led (juickly in a 
metallic mould, luactically all the nuclei are produced at the 
surface of the moidd, and long needle-shaped crystallites perpen- 
dicular to the cooling surface result. , 

1 W. RosGTilnun and S. L. Arohbntt, Proc. Pot/. Soc. 96 [A|, {1019), 55. 
W. Rosunhain, Inst. Met. 22 (1010), 02 ; Trans. Faraday Soc. 17 (1921), 2. 

2 See W. H. Hatfield and G. L. Thirkell, J. Inst. Met. 22 (1919), 67. W. H. 

Hatfield, Trans. Faraday Soc. 17 (1021), 36. • • 

* H. Moore, S. Bockinaale and G. P]. Mallintoii, J. Inst. Met. 25 (1921), 35. 
H. Moore, Trans. Faraday Soc. 17 (1921), 68, 
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A^jstudx of the pattern^ left on the upper surface of solidified 
metals, suggests th^t thd form of tjhe growing crystals is dendritic ; 
this is fonfirmed by the examination of sections of certain alloys 
(bronzes, et^.). Dendritic forms are really ordinary crystals grown 
under circumstances especially favourable for grc^wth at the corners, 
rather tha'il at the sides. 

The crystal system of the motals can be arrived at by a study 
of the etching-pits and negative crystals praduced by the coi^rosion 
of a section. X-ray analysis actually indicates the space-lattice 
upon which the atoms are arranged. Motit metals crystallize in 
the cubic system (centred -cube or face-centred cubic lattices) ; 
some in the hexagonal system. 

At the boundary bctweim two grains, the atoms, having been 
under the simultaneous inlluence^of crystallizing forces originating 
from two centres, appear to remain more or less disarranged, and 
the boundary layer can be regarded as amorphous. An amorphous 
or gUu'.sy metal should be weaker i,t high temperatures, ^.nd stronger 
at low temperatures. Hence we get inter-granular fracture at high 
temperatures, but intra-granular fracture at low temperatures. 
However, where impurities (especially non-metallic ^substances) 
have accumulated between the grains, the boundaries become 
surfaces of weakness, and we get inter-granular fracture even 
at low temperatures. Moreover it seems possible that, even in 
the absence of such inter -granular impurities, small forces acting 
for a long time may pull the grains apart at comparatively low tem- 
peratures. This view has been put forward by Rosenhain to 
account for inter-granular cracking (“season-cracking”) in brass 
and other materials ; but other influences, such as selective corro- 
sion, probably play an important part in causing this form of failure. 



CHAPTER II 

THE 8TTUJCTUR^] OF METALS AS ^MODIFIED BY 
MECHANICAL WORK 

In the last chapter th(5 structure of freshly solidified metal was 
described. If the juetal after ^lidification receives any sort of 
deformation by mechanical means, the internal structure is neces- 
sarily modified. ^ 

Behaviour of a Metal under a Tensile Stress. In tlfc first 
place, it is necessai*y to obser\'e fhe b(‘haviour of a piece of metal 
towai'ds %cos that would tcjid to 
alter its shape. The iiehaviour is 
comaMiiently illustrated when a piee(' 
of metal is subjected to the ordinary 
“ ten, die strength test." A test-piec(‘ 
is usuaMy pre})ar(*d having the shape 
shown ill Fig. 112 a. This is secured 
at the two ends which are tlu'n 
|)ulled ajiart Iiy a gradually increas- 
ing force ; during the pull the (‘xteii- 
sions causfid by different vahu's of 
tlie load, or pulling force, are re- 
corded. Finally the s]¥"cimen b(‘gins 
to thin out at some point, and frac- 
ture speedily follows (Fig. 32 b). 

In the older forms of the testing- 
machine,^ the load, which is usually 
applied by means of a hydraulic (H) • •(B) 

arrangement, must be increased in Fic. 32. 

steps, the extension corresponding to 

each load being measured separately by tne, observer. After the 
test, a curve is plotted, showing the relation !)etween the exten- 
sion and the load. Various types of “ autographic " testers Jiave 

* * 

^ J. A. Ewing, “ The Strength of Materials ’^(Cambridge University Press) ; 
C. A. M. Smith, " A Handbook of Testing Materials ” (Constable). 
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fron^ tinic^ to tiirao been designed, which trace the curve on paper, 
automaticalfy, as the splcimen is ^nilled out! 8omo of the earlier 
patternt are open, to certain objections, but in a niachine recently 
introduced %,by Dalby,^ an intricate optical contrivance allows a 
curve shelving the relations between load aiil extension to be^ 
obtaiped upon a photographic plate, without introducing any 
frictional resisttVice which would cause an error, in the curve pro- 
duced. Such a machine allows small irregularities in the curves 
to be detected which in the older form of macdiinc would either 
have escaped observation, or would have#!)een attributed to the 
imperfection of the method employed. 

In Fig. 33 is shomi an extension curve of an imaginary material. 



In tile early pai’t of the eurvi*, ()A, which js straight, the extension 
is proportional to tlu* load a])[)lie(l. 3’his ])ortion of the curve- 
is spoken of as being within the range of pcTfect elasticity.” A, 
the [joint beyojid Avhich the line ceases to be straight, is called the; 
limit, of proportionality. • 

Any extension within the range of perfect elasticity is of a^tem- 
{)orary nature ; if the pulling force were removed, the rod would 
return to the original length. But if the pulling force is increased 
further, the exterwion begins to rise more rapidly, and this ex- 
tension is of a more lasting character and docs not disappear even 

if tlte pulling force is removed ; the test-piece is said to have ac- 

• • 

W. E. Dalby, ./. InsL M4. 18 (1917), 5; Phil. Trans. 221 [A] (1920), 
117. 
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quircd a “ permanenf set/’ The puipt 13, at which the “|)er- 
manent set first becomes apprcfjiable, mAy be referred to as the 
yield -point although it should be noticed tha^t different •vvTiters 
enipioy this terr^i iu different ways.* It is often assiimiid that tlu^ 
}yeld-point, at whilh a. ])(a*inanent set ” first appears, if^ identical 
with the “ limit ^of propoi'tionality ” at which th(‘ elongation epasos 
to be jjroportional.to the load a^tplied- This js,^not necessarily 
the case, but in most materials the two points are clos(‘ together. 
The vague term “ elast ic limit ” is used by some writers as though 
equivalent to the ‘‘ limit of proportionality,” whilst others use 
it to imply the point- at v liich permanent elongation first occurs. 

Reyond the yield-point, the s})ecimen elongates rapidly ; at last 
the maximum stress (C) is reached ; after this the specimen 
commences to thin out at one poii^t, and. aft(T considerable further 
elongation, breaks. The conditions of)taining at the instant of 
fracture are represented on the curve by the point 1). During the 
final stage &l extension, whilst the local thinning is occurring, the 
total load acting upon the specimen is usually somewhat reduced, 
and t he curve often shows a downweird trend ; it should, ho\wver, 
be point('d out that near the ])lace of fracture, the cross-section 
of the bar is cont inually becoming smaller, and coirsequently the 
str(‘ss jH r tniil arm of this portion continues to rise until fracture 
takes j !ac(\ 

it ma\ also Iu* remarked that, after the yield-])oint is passed, 
the metal appears to be in a plastic state, and the process of defor- 
mation under the influence of stress is a slow one, the amount of 
extension depending upon the time allowed. Thus the curve 
obtained when the stress is quickly increased (the curve of quick 
l)reaking) differs from the curve obtained when the stress is gradu- 
ally increased (the curve of slow breaking). 

if the stress-ext(‘nsioti^curves are plotted for a number of metals 
and alloys, they ])rovide a ineans of comparing the mechanical 
jjroperties of the different materials ; the curves for (a'rtain speci- 
mens of copjX'r, tin, brass and steel are shown in Figs. .‘U, 55, 5(> 
and 57. It will be noticed that tlie extension (Corresponding to tine 
limit of proportionality is in all cases so small, khat the fir^; part 
of th(? curve is scarcely distinguishable from the vertical axis. Tin* 
curious irregularity at the yield-point shown in Fig. 57 is typical 
of the curves of many kinds of iron and steel.; 

• 

^ The elongation curves of steels .sliovv a very sudden extension at a certain 
stress, and many engineers use the word “ yield-point ” to denote the stres.s 
at which this sudden breakdown of the material occurs. Most other metals 
do not show this sudden elongation. • • 

® W. E. Dalby, J. Inst. Met. 18 (1917), 5.® Coinparo also A. Robertson 
and G. Cook, Proc. Roy. Soc. 88 [A] (1913), 462. 
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vi^luesiof the load^ptr unit area at ‘the yield-point and the 
luaximiim 'stress are iifiportant fis expressing the strength of the 
inaterkd in quei^tion. The yield stress represents the greatest 
stress wlii^h the material will stand without peri^anent change of 
shape, a»^d without alteration in properties. Tliie maximum stre^ 



Fig. I^m.ss. Fig. .'{7.— -Mild Stool. 


• [/}’// permi'ision of Professor Dnlhij and the Institute of Metals. 

is the grt*atest stress which can be withstood, under the conditions 
of the test, without fracture ; it is often kr<>wn as the “ tenacity ” 
or simply as the “tensile strength.” The following tahle shows 


.Material. 

Yield Stress. 

'I'ensilc 

Strength. 

Extension. 

« 4 

: 8tcel, 0-1% carbon . 

Tons per s(|. in. 

. . JOOf) 

'I’ons per 
.s(i. In. 1 

22-7 

Per cent. 

j Steel, 0-2()% carbon 

. . 22-8 

28 -bo 

20 

! Steel, 0-0.7®^ carbon 

. . 27-8 

i:b9r, : 

10-0 

! Cast iron . . .• . 

Xo marked limit : 

j;{4 

0-4 

j Brans rod, tinncalc?! in v 

i^atcr . 1.5-47 

30 -94 

19-8 

Copper, elect I'ol vt ic 

. . 2-«:t 

14-12 

.50 -7 

‘ Tfn ..... . 

2-8 j 

2-8 

42 

f Zinc ....... 

1 * 

1 

. . , 8 i 

* i 

10-4 I 

02 
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the yield stress and maximum tensile ^tjength of a few^,. , 

the percentage elongation of t}«i‘ t.(‘st-j)i<^(‘c at fracture is also 
added. ^ , • 

Certain matc^jjals, like cast iron, appear to be alinosi; incapable 
permanent deformation ; they fracture as soon as t^ elastic 
limit is passed.^ Such metals are said to be brittle. In a lu^ittle 
metal there is no jAprceptiblo thinifing out of t}i(‘ specimen at the 
point of fracture. Certain other metals can undergo a v(?ry gfc'at 
elongation before fracture occurs ; a high value for the elongation 
imjjlies tliat the matci’ml tested is ca]>abl(‘ of undergoing consid(‘r- 
able change of sliape by mechanical means without suffering 
fracture ; such a iiiaterial is, for example, suitable for conversion 
into wire by drawing through a die. There are, of course, other 
equally important ways of changjng the shape of a metal, sucli as 
rolling, hammering, stamping and spinning ; as a rule metals which 
are ductile, or capable of being drawn into wire, will readily undergo 
deformaiiolTin these other ways ; they are, for instance, geiit'rally 
mulleable, or capable of being hammered into shape, and of being 
rolled out into sheets without tearing or breaking. The follci^ving 
metals are usually considered as “ ductile ” ; they are arranged 
, in order so as to show the most ductile first : — 

Gold, silver, platinum, iron, copper, aluminium, zinc, tin, lead. 
The Ol der of malleability is similar, but by no means identical. 

Changes of Structure due to Deformation. It is now 

possible to consider the changes in the internal structure of the 
metal which has been deformed, for instance, by a tensile stress. 
It has been found possible to keep a polished surface of a metal 
specimen wider observation through a microscope, whilst th(‘ 
specimen is actually bc^ng strained by a gradually increasing tensik' 
force ; very interest ing*results have thus been arrived at.- 

Whilst the metal is merely strained to a ])oint within the range of 
perfect elasticity, it suffers no visible change of structure ; no doubt 
during the tension all the grains become very slightly elongated 
in the direction of the pull ; but as soon as the tension is removed, 
the t^toms fly back to the original most stable ^rrangemeiTt. 

When, however, the metal is strained just beyond the yield-point 
— so that it acquires a small permanent set — the state of affairs 

is different. If the same grains are carefuMy measured before 

• 

^ The nurnbora are those given by W. E. Dalby, J. Inst. Met. 18 (1917), 
20, In a later paper {Phil. Trans. 221 [A] (1920), 128), Prof. Dalby*say^s 
that tin, zinc and copper have, strictly speaking, no rang^ df perfect elm- 
ticity, and no definite yield-point. • 

2 J. A. Ewing and W. Roaenhain, Phil. Trans. 193 [A] (1900), 360-363. 
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and-after»the ^it can^b^ proved*that 'sonic of the grains are 
rena^red lAmancutly Winger in direction of pull, ,and shorter 
in the direction af right angles. Moreover, on each of the grains 
which has ^^iiffered a change of shape, there appears a series of dark 
lines kn(^'n* as slip bands. In grains wlierei' there are no slip 
ban<^s, measurement shows that there is no appreciable change of 
shape. If the ipetal is strained a little further, slip bands appear 
in a?il the grains, additional slip bands beingiformed as th(' straining 
is conthnnd. 

When (lefonnation proceeds further, tU*- change of structiin' 
])(‘Conu‘s more mar]<ed. iSuppo.se, for instance, a rod of metal is 
drawn out into wire, and a longitudinal .section of the wire is pre- 
pared. When the section is examined under the microscope, it will 
appear at first that the wire is jnade up of a number of parallel 
strands, or fibres ; clo.ser inve.stigation has shown, liowever, that 
the so-called fibres are really the greatly elongated grains.^ Even 
more »striking is the effect of rolling in altering the ‘appearance 
of a metal as viewed in a micro-section. When an aluminium cast- 
ing, consisting of cquiaxed polygonal grains, is rolled out into 
sheet, the grains gradually become elongated in the clireetion of 
rolling, and flattened in the direction at right angles, until finally, 
when the sheet becomes thin, the “ crystal boundaries are so closi^ 
together as to the aj)])earance (in a micro-section) “ of a 
number of parallel lines running in the direction of rolling.” - 
The mechanism of the elongation of individual grains during 
the early stages of straining is most interesting. It is certain that, 
in many metals, deformation is produe(‘d ])y layers of the crystal 
gliding over one another (see Figs. 38 a and n). Tlu^ slip bands 
seen in the poli.shed .seethm after .straining indicate the planes along 
which gliding has occurred ; these “ gliding-planes,” as they 
are called, will normally be the cleavage-plfines, tlu‘ planes along 
whicli the natural layers of atoms C()m])o.sing tlu^ crystals an^ 
arranged, it has already been pointed out that the splitting of a 
crystal into two halves is especially easy in these directions ; and 
it is not surprising to find that the gliding of one half upon the other 
is possible only ^long the same planes. Very careful measuce- 
raents upon mildly strained lead have proved that — ^in that material 
at least — the parts of the crystal-grains between the different 
dip bands suffer no^ distortion^ ; the change in the shape of the 

^ G. T. Beilby, Proc. Roy, Soc. 79 [A] (1907), 463. Comparo M. Polanyi, 
ZeAtsch. Elektrochem. 28 (1922), 16. 

2 H. G. H. Carpenter and C. F. Elam, J. Inst. Met, 25 (1921), 264 ; the 
Ddliutiful miciA^photos accompanying this paper .show the elongation of the 
jraina on rolling Very clearly. 9 
* W. Rosenhaiu, J. Iron Steel Inst. 70 (1906), 191-193. 
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grains as a whole is du6 to tte differe^t^ portions sliding ;:elatiyely 
to one anotjier. * * 4 * f 

It is, however, not possible to account for the; elongation ^)f iui 
irregular grain satisfactorily by assuming that gliding gccurs only 
^ong one set of plirallcl planes ; it is thought thaf whe^pr gliding • 
has proceeded for a minute distance along planes in one direction, 
as shown in Fig. I|8j3, further gliding occuns alopg other pmnes 
int(TS(‘T*ling tlM‘ first, sliown in Fig. .‘tSc. Subserpiently tlxTe 




Fio. 38. — Dcfonnatioii by Gliding. 


may Uc gliding along other series of planes. Thus after straining, 
the original grains are split up by these intersecting gliding-planes 
into numerous much smaller parallelepipida. Fig. C of the frontis- 
piece, a micro-section of strained lead, shows at least two sets of 
intersecting slip bands in each grain. In general the appearance 
of the slip bands in micro-sections of strained lead and strained 
iron point to the existence of four set| of gliding-planes in tlie 
same crystal, parallel to the four octahedral planes of the crystals ; 
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« , 

in kon, has also^b^en found parallel to the three cubic 

plams.^ 1 |} • 

When a metal specimen is first ground down and polished, so as 
to present a flat surface (Fig. 38d) and is then stri^ined, the forma- 
tion of Riding-planes must necessarily lead to t stepped arrange 
mep^ at the originally flat polished surface, as is indicated in Fig. 
38e. The little, facets a, a, a, ‘produced by straining appear dark 
when th(‘ surface is viewed })y vertical illumination, and* hence 
tlie slip bands marking the lines of slip are normally dark. When, 
however, the specimen is viewed under oblique illumination, and 
is moved round on the microscope stage, the bands will sooner 
or later flash out brilliantly l)right, when the light happens to 
strike the facets at such an angle that they reflect it up the tube. 
>Sucli a phenomenon clearly in^licates the “ stepped ” character 
of the strained metal. 

Ductility and Crystal -struct^ire. If we assume for a moment 
that tbe only method by which metals can be deformecl is by the 
gliding of one layer over the other (an assumption which is not — as 
w'e s'hall see—quite correct), w'C should expect that the ductility ” 
of any material would be determined by the likelihood of the 
formation of gliding-planes in that material. It is interesting to * 
note that a connection appears to exist between the crystal-structure 
and ductihty of the different metals. Hull ^ has suggested a reason 
for tlic fact that most of the metals which have their atoms arranged 
on a face-centred cubic lattice (such as aluminium, nickel, pal- 
ladium, platinum, copper, silver, gold, and lead) arc remarkably 
ductile and malleable materials. The arrangcmcjit of the atoms 
in these metals is such that in any one grain, there are four different 
directions along which the slipping of one layer of, atoms over 
another can easily occur ; thus, there is no direction in which 
a shearing force can b(‘ applied, which would not be nearly parallel 
to one of these directions of easy gliding. In the hexagonal system 
of close packing, on the other hand, there appears to be only one 
direction suited to easy gliding, and it is noteworthy that metals 
with atoms arranged on the hexagonal system of packing (mag- 
nesium, zinc, an#l cadmium) arc less ductile. Among the Wo 
most important cubic lattices, the face-centred cubic lattice seems 

^ J. A. Ewing and W. Rosenhain, Phil. Trans. 193 [A] (1899), 365. J. A. 
Ewing, J, Inst. (1912), 14. Compare also the micro-sections of rolled 

/S-brass given by F. Johnson, J. Inst. Met. 24 (1920), 301 (especially Figs. 

8, 9 and 10). The mechanism of gliding in single crystals of aluminium is 
welf illustrated by the work of H. C. H, Carpenter and C. F. Elam, Proc. 
nxyy. Soc. lOd [A] (1921), 329. 

* A. W. Huff, Trans. AmeP. Inst. Elect. Eng. 38 (1919), 1462. Compare 
V. M. Goldschmidt, Zeitsch. Metallkundet 13 (1921), 449. 



161 


^ STRUCTURj: OF METALS 

to confer greater duotility* than tl^e centred-cufc|e lattice (e.g. 
titanium, tantalum, chromium, moly1i>d|’juim^, tiinglten, yon). 
In the former the packing is (closer, aiul tln^ distances tOpween 
the atoms is less ; eacli atom is '' in toii(;}i ” with ty'clve other 
atoms, as cojnI)ai(‘d with eight in the case of thti *cenyed-cube 
fatticc, although the gliding-planes are ecpially well detined in ]tg)th 
methods of padding, d’he chance* of the two lasers getting out 
of tint range of attraction during the gliding ojjeration is pre- 
sumably least in the first case. This line of thought- which is 
mainly duo to Hull- 41 p pears to be capable of leading to most 
interesting results, but the theory will prolTably require to be 
extended so as to take into account the possibilities of other modes 
of deformation, before it will conform completely with the facts. 

Twinning. The formation of gliding-planes is only one method 
by which a grain can elongate itself in one direction and contract 
in another. In many meials, tlu^n' is an alternative method of 
d(^formatio}i', by means of twinning.’’ ‘ Instead of oue«layer 
moving ovei* tiie other as a whole, tin* atoms of every alternate 
layer may swing into a new orientation so that tlu'se layers become 
twin-lamellae, tlu! change being suggested in Figs. 89a and 39b. 
Such a r(‘arrang('ment will necessarily leave the crystal shorter in 
one- diri'ction and longia* in another, and provides a ready method 
of '‘in.emal buckling.’’ Twinning is most often met with when 
a sudden loiuil compression is applied to a metal. The change 
involves no slipping along gliding-plam's, but is accomplished by 
the swinging of atoms throughout the whol(‘ volume of each alter- 
nate layer into a umv orientation ; it may, thm’cd’ore, be considered 
a method better adapted to a sudden change of sliape, and especially 
to deformation by local compression, or scpiecv.ing. When a ])ii‘C(i 
of tin is bent sliarply, (winning occurs where t lu^ tin has been com- 
yjressed ; on the sidi* where the bending ca u.ses the tin to be stretched, 
twinning is not, as a rule, ])roduced.“ The benrling of tin is always 
accompanied by a [leeuliar sound calhal tlu' '' cry of tin,” which 
has been attributed to tlie movement of th(‘ atoms to theii' new' 
arrangement.'^ Twinning has also been observed in large alu- 
minium crystals which have been deformed by st^dching.* , 

• 

^ The mechanism of gliiliiig and twinning i.s discussed at some length by 
H. M. Howe, “ Metallogmpliy of Steel and Cast Iron ” (McGraw-Hill), Chap- 
ters 16, 18, 19, 22, 23, 24. Tho theories of F. O.smofid and G. Car baud, J. 
Iron Steel Inst. 71 (1906), 444, are of interest. See alsf) J. C. W. Humfroy, 
J, Inst. Met. 14 (1915), 140. C. A. Edwards and H. C. H. Carpenter, J. Iron 
Steel Inst. 89 (1914), 138. K. Vogel, Zeitsch, Anorg. Chem. 117 (1921), IWl. 

^ C. A. Edwards, J. hist. Met. 14 (1916), 116. ^ * 

^ P. Gaubert, Comptes Rend. 159 (1914), 68(L 

^ H. C. H. Carpenter and G. F. Elam, Pror.%)y. Soc. 100 [A] (1921), 329. 



162 


METALS AND METALLIC ^ COMPOUNDS 

a piece leaa is squeezed in a vica against a glass plate, 
twiiViing i^ produced hv the pressure. The twinned structure is 
best N^een if the metal is afterwards slightly Ix'uii in the fingers, 
so as to produce slip bands in the twinned metal. When the 
. specimtvq\ is CAamined under the mieroseo])e, ^ Ik slip bands arc 
fmyid to proceed in a zigzag manner across the grains as showii 

in Eig. 39c ; this clearly indh 
cates that tlie arrangenh?nt ol 
atoms in alteniate layers h 
diffenmt. A siinilar effect can 
Ih^ produced in nickel and 
copper. 

Other Modes of Deforma- 
tion. 3'wo modes of deforma- 
tion have already been suggested, 
namely gliding, which is gener- 
ally observed in metals sulqected 
to a uniform tensile stress, and 
twinning, which is often met 
witli in metals subject'd to a 
localized compressional stress, 
Cases exist, however, where a 
metal has undergone consider- 
able deformation, but where it 

(BMrran^ement after Pressure. 

the whole of the deformation bj' 
glidirigca* twinning alone. Whore 
a slab of cast metal made u]) oi 
polygonal grains is subjected tc 
i-olling, the grains become gradu- 
ally elongated in the direction ol 
rolling, and are reducual in the 

(t'Mctual Course of Slip Bands m ft i i" 

Strained Lead or Nickel. some cases, th(‘ reduction may 

Fiu. I)!).— Deformation l.y proceed until the individual 

^ I’winniriiL;. grains are mere thin fia^ms.' 

Adcock has recently prepared 
some etclied micro-sectiems of the rolled alloy^ ciqu’o-nickel, which 
make it clear that in many ejf the elongated grains the gliding ol 
( 

^ J. A. Kwiiig and W. Koscnliain, Phil. Trans, 193 [A] (1899), 3C8. C. A. 
Eckvarda and H. C. H. Carpenter, ./. Iron Inst. 89 (1914), 138, especially 
^cro-aectiq^iS 3 and la. 

^ See the sections of rollwi aluminium given hy H. C'. II. Carponter nud 
C. F. Elam, J. Inst, Met. 2511921), 259. 
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one layer over another has oftcurred ; but in ^fdditifn the sections 
show that in certain places the ^yhole dryjtal has becif beiy!.” ^ 
It is difficult' to sec how this could be otlicrvvisc, since the eloy^tion 
of a single crystal by a process of simple gliding must^profmci^ a 
“stepped ” outfint at the boundary of the grains, Aiftl ip^^encral 
the “ steps ” produced at the (‘dgc of two adjacent grains will ^ot 
“ fit in ” with oTie another. Hi'iic# oiu‘- must expe(;t considerable 
disorganization of flic .atoms at the grain-bouncfarics, which* in 
extreme cases may amount to the total destruction of the order(‘d 
arrangement, and the , production of an “amorphous'’ layer of 
considerable thickness. ^ In cupro-nickel then?* appears also to be 
considerable disorganization along the planes of gliding ; it is 
probably on account of the production of more or less amorphous 
material where one portion has glided over another that the gliding- 
jilanes appear as dark lines on the etched sections. 

It is difficult to avoid tin conclusion that the atoms, which in the 
original cas4^\ state, are aciniratelf alligned upon a space lai-tice, 
can be gradually forced from their stable positiojis, until at points 
where the disorganization is very gr<'at (e.g. at the grain-boiiiularios) 
they ar(‘ arrtiiiged in a, mon? or less disordered manner, all traces 
of the original space-lattice having disappeared. According to 
this vi<'v', A\e get a passage from the crystalline state to a more or 
l(‘ss an’orplious state, but the passage is probably a gradual one.^'^ 
Where tie - degree of deformation is not too great, the atoms may be 
regarded as being arrayed still upon a spac(‘-lattice. but it is a dis- 
torted space-lattice.'^ 

Of course the arrangement of atoms on a distoi*ted space-lattice 
is an unstable arrangement, and if it w(*re ])ossible, tlu? atoms 
woTild tend to spring back to their stable arrangement on an un- 
distorted latMce. Nevertheless in a piece of metal which has been 
sulTered deformation ]> ; mechanical for(;es, tin? space- latticio in 
certain regions aj)pcars t<t remain distorttal (nan after the external 
deforming forces hav(‘ been removed. For instance, in one strained 
crystal-grain tlie atoms may be prevent(‘d fnun jumping back 

1 S’. Adcock, J. Inst. Met. 27 (1922), 73. 

2 Oornpaj-o Z. Jeffries and K. 8. Archer, Met Chem. 25 (10217, ^>07, 
ospecialTy p. 704. 

^ Compare the views of J. Czochral.ski, Int Zeitseh. Met. 8 (191 0), 22, of 
G. Masing, Zeitsch. Metallkuiide, 12 (1920), 457, and of I*, (huifjert, Comvtes 
Rend. 173 (1921), 1089. 

Evidence that n space-lattice may persist in a distorted form in a deformed 
crystal is believed by many physicists to be provided by an optica' study 
of some plastic needle-shaped crystals of ammonium nitrate, which mayjDe 
bent into loops or circles by slow pressure with the fingers. See W. N. Bond,^ 
Phil. ilfa#/. 41 (1921), 1. A. W. Porter, Trans.Jb'araday Soc. 17 (1921), 06/ 
T. IVl. Lowry, Trans. Faraday Soc. 17 (1921), 66,^67. 
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to dieii* stabler arrangement,^ since tlit^ existence of the contiguous 
grams precludes tl\e chcpige of shp-pc which tlie return to tlu^ stabh; 
arraiWineiit ^voiild involve. 4'hus in a deformed nudal we con- 
tinuaiJy jpeet with internal stresses. These internal stresses 
are of ^eaU[)factical importance ; where the gmins oiv the outside 
ofvi metallic object arc in a state of tension, the individual grains 
may uctually, in the course of tkne, become parted from one another 
as a result of tfie internal stress — especially if a reagmit is pi'esent 
which has a specific corrosive action on the inter-granular material ; 
the phenomenon known as season-cracking,” discussed in the 
last chapter, is the' result. We shall return to the subje(;t in con- 
nection with the “ annealing ” of metals. 

Very interesting information regarding the arrangement of the 
atoms in deformed metals is pi-ovided by I’ccent studies of I'olled or 
drawn metals carried out l)y m(*ans of the X-rays,’ Evtm after 
suffering very great reduction by means of rolling or drawing, the 
metabs give .\-ray patterns, wliich show that the atrmis ar(‘ at 
least in some ])arts of the materials -aiTange<l in an orderly nninner. 
But the orientation of tin* rows of atoms in the rolled or drawn 
specimens is iiot fortuitous (as in the (*ast or ajinealed state), but 
is related to tlie direction of rolling or draw ing- - as indeed is to be 
expected. Thus in drawn tungsten wire, all tin* (*rystal-grains 
are arranged with the so-called [lib] direction (i.e. the direction 
defined by the diagonals of the faces of the elementaiy cubes) 
parallel to the length of the wire. The same is true of wire madeol 
iron or molybdenum, metals which (lila* tungsten) have their atom^i 
arranged on a centred (mix* lattice ; for copper and aluminium, 
in which the atoms lie on a fac(*-eentred lattice, another slightlji 
different rule applies. 

Comparative Strength of Coarse and Fine-grained Metal 

It has long })een known that a line-grain(*(K’specijnen of jnetal is lesf- 
liable to fail than a sp(*eim('n of the sann* metal in which the grain^ 
are large. It is indeed easy to understand wliy a specimen con 
taining very large grains should lx* fragile. Imagine a bar com 
posed of grains of such a size that a single crystal runs through thi 
whol/* diameter .of the bar. In such a case, the ck'avage directioi 
is constant throughout the thickness f)f the bar, and a single'^mddej 

^ M. Kttihch, M. Polanyi and K. VVoissciibcr^S Zi^iLscli. Phys. CIk'IHu 9^ 
(1921), 1132. M. P(jl.myi, Zcitscfi. Elektrorhr.m. 28 (1922), 10. K. C. Bait 
and Z. Jeffrias, Met. i'tu/m. Eny. 25 (1921), TVa. H. C. Burgrr, Z/eitHch 

23 (1922), 14. 8. Nisliakawa and Cil. Asaham, Phys. Rev. 15 (1920), 38 

'riw last paf;er describes the changes in X-ray pattern which occur on anneal 
/jng the rolled metal, or (in tlie case of certain soft mcstals) on mere storage 
Compare the iX-raj' .stialy of the (lornpression of sodinrn eliloride by A. F 
Coffe and M. V. Kirpitcheva, Phil. May. 43 (1922), 204. 
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shook in the right direrjtion may cauf# t^ie bar to split tif two., li] 
a fine-grained bar of the same size, howovt^*, th^ eleavage dir^tioii 
will vary slightly as one passes from one grain to'the next. *f here- 
fore, any line oi p^)ssib]e fraeture will not be (juite f*tMrgh^/and it 
will require a mueh gn'ater shook to bring the simultaneous spjit* 
ting of so many different grains, jo as to produce a oracle light 
across Jthe oross-section of the bar.^ Hence, towards a shook, the 
fine-grained material will be the less fragile. 

'towards a tensile stress the behaviour of a tine-grained specimen 
will also be different from that of a eoar.se -graiued specimen. Con- 
sider the pulling out of a ductile metal. If the specimen of the 
metal consists of a single crystal, the gliding can proceed without 
hindrance. Hut if the metal consists of numerous crystals, tin 
movement of lh(‘ slic(‘s of any ])atticular crystal over one another 
will be restrained Iry the presence of the other’ cj’ystals in contact 
with the first. If th(‘ crystals in^he specimen an‘ ^'er■y numerom- 
th(‘ resistanc(‘ io ])u]ling will be gri'atcst. and conseqm'ntly a fine- 
grained specitru'ii of metal is stronger and withstands the action 
of (Icfoi’mii^:: forces Ix'tter tlian a (?oarse-gi’ained specimen.^ Thih 
general statement, however, applies only to temperatures below 
the ('qui-colu‘siv(' temperature* : below that temperature, the 
inter-granular amorphous material is stronger than the crystah 
themsev v^'s, and deformation occurs ]>y gliding within the crystals ; 
consequeiiMy, as ju.st. shown, a line’-graineel medal will 1)0 stremgei 
than a cerarse'-giaine'd. On the* effher hand, above' the equi-cohesive 
temperature the* inte'r-granular matter l)e‘gins to se)ften. anel, since, 
the* number of inter-granular be)unelarie*s in the spe'cimen wall lx 
greatest in the line'-gi’aiiie'el enaterial. the^ ce)arse-grained satuple 
will be- tlu' stronger.'* 

The- e*qui-ee)he's)ve te-mpe'ratuie' is. in fae*t. most easily ele-termineel 
by finding the- point at which a fine anel ceearse sample e)f the same 
metal witlistanels ele'formatie)!! e-ejually wv-ll. The table belenv showf- 
the- approximate eapii-cefiu'sive- te‘m]Kraturcs e)f live me-tals ob- 
tainerl in thi^ way. It cannot l)e‘ saiel that the value-s are- kne)W'ii 
with any acemrac}'. 

Since the strengtli e)f amerphous mate-rial elep(^>ids on tlfl- raf( 
at which the force is applieel, and the strengt h of crystalline matcriaJ 
de-penels on the direction in whie’h the force is a[)plied, it is cleai 
that tin- <'(jui-e’oh('sive te-npierature-, although a use-ful rough con- 
erption, is not an exae't jihvsical constant. * 

^ 'I’lir (:liarac((!ri.sl irs of u shock fractiui' aiv dcsi-rihcd Ity \V. Roscah^in 
Iron Steel Inst. 70 (1000), 222. 

_ -leffrics iuul K. «. Archer, .Met. Chem. Enn, 24 (1921), ie.)7 ; 25 (1921)* 
3 Z. Jeffries, J. Anier. Insl. Met. 11 (1917-18), 300. 
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ite equf. cohesive tempv3rf<;ture of copper, whicii is added, was 
obtaVied in a different way, being the temperature above which 
intra-^^ranular frabture was observed to be replaced by fracture 
of the ^\ter-'gmnular type ; this number is, therefore, not strictly 
cv^Qiparable Avith the others. 


-- V-- - , 

Metal. 

Equi-Cohesive Temperarmre. 

Melting-Point. 


Iron 1 

r>50 -060° 1 

1 c. 

Tiuigstun ....... 


:{,.740° 

Plafiniim ^ 


1 . 700 " 


(lold 27.>dj()o ’ 1 l,()t):r 

Silver 2.30--'J7r>‘’ ' 

Copper I)e( \v(‘eu 7 !(► aiul 71!) “ 


Alteration of Properties by, .Mechanical Work. It has long 
been known that metals are made harder, stronger aiKHess ductile 
by mechanical deformation at low temperatures. This fact can 
noAV^ bo explained. When a metal is deformed, each grain is sub- 
divided into a large number of parts l)y various sots of intersecting 
gliding-planes. It is very possible that after deformation, the atoms 
on I'ach side of a gliding-plane will be in a somewhat disordered 
state, and will lose their accurate crystalline orientation. We may 
express this by saying that a layer of more or less amorphous 
material is formed along each gliding-plane. In any case, it is 
almost certain that disorganization must occur at the boimdaries 
of eac^h grain during dongation, the original amorphous layer 
betw^een the grains tlius becoming thicker ; it has already been 
pointed out that this disorgatiizalion at the boundaries is abso- 
lutely necessary, because the “ steps ” wliich would be formed l)y 
gliding in adjacent crystals will not — in. general— “ lit into” one 
another. The process of deformation may therefore be said to be 
accompanied by the amorphization of the metal. ^ Below the 
cqui-cohesive temperature, the result of the increase in the amount 
of disorganized material {)resent will be to increase^ the limit of 
propcfrtionality j^fad yield-point, and also, to a smaller extent,’ the 
maximum stress. Th(‘ ducTility is lowered, becauscN as the cf’ystals 
are shattered, tin* possibility of forming new gliding-planes is 
les.se n ed : and, asJhe power of ac(;ommodation to .sudden forces 
by stret(;hing or ‘yielding becomes redu(;ed, t he material not in- 
fre^[uently f)econie,s brittle. 

C ^ Z. Jcflrif's, J. Amur. Inst. Md. 11 (15)17-18), .*{()0. 

^ <j!. D. Ben^ugh and D. p.ansoii, ./. Inst. Met. 12 (1914), 07. 

® The Amorioaii wrifens .sf)cak of “ amorphization,’' whilst somo Clerman 
writers use the word “ decrystallization " in a rather similar sense. 
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Wl»re deformation * is accompanied, by twinning^ instead of 
slipping, a rather similar effect ifi prodncefl. fii a twinned cjystal, 
the cleavage direction changes as one passes frcxii one thiif Amelia 
to the next. iPl^ercfore, a highly-twinned mass always be 

«norc unyielding than an untwinned mass. Moreover, tliC procqs.*^^ 
of twinning will be accompanied hy a certain amount of disorgani- 
zatioi^of the atoms at the boundaries of the grains. It should be 
added, however, that fhe hardening effect of twinning is generally 
less pronounced than that of slipping. 

There are various sTiades of opinion regarding the t'ffect of de- 
formation upon the character of a metal. bein)y ^ thinks that a 
distijict amor])hoiis phase is formed which has different properties 
from the e.rystalliiK' metal. J. Jolinson - goes furtlier, and— treating 
the amor])hons metal as a true lii^uid ]>rnceeds to explain how the 
melting-point of the metal can he lowered to ordinary tejn})eratures 
by a '' nondioinogcneous " pres^unv, sucli as is needed to cause 
deformation. Whether Johnson’s arguments ai-e sound <Tr not, 
there is no doubt that metals with low natural jnelting-])oints are, 
for the nir^it part, much softer (that is, they can l)e deformed by 
means of a much smaller pressure) than, those with high melting- 
points.'^ The views of Beilby and of Johnson have, however, 
been attacked by Tammann J who objects to the notion of a metal 

meltijig ” below the true melting temperature*. 

It app( ars quite prol)able that at points when* the disturbance 
is strongest, the crystallines metal is conve^rted to a state 'which is 
entirelj^ structureless and amorphous, and which may correctly 
1)0 regarded as that of a super-cooled liquid. At other points, 
however, the crystalline structure, jdtliough motiified, is not en- 
tii’cly destrpyed. The crystals are shattered and broken up into 
fragments ; and possibly even in these fragments the space-lattice 
may be strained, the attyns being forced out of their true alignment, 
or perhaps forced to vibrate more in some planes than in others.® 
Such a state of affairs would hinder the formation of fresh gliding- 
planes, and would account for the unyielding character of the 
strained material. 

1 G*. T. Beilby, Phil May. 8 (1904), 258. G. T. Beilby aiul H. N. Boilby, 
Proc. Hoy. Soc. 76 [A] (1905), 462. 

^ J. Johnston urid L. H. Adams, J. .Inur. ('fnoi. Soc. 34 (1912), 563. 
J. Joliu.sf on, J. Amcr. Chem. Sue. 34 (1912), 788. , 

^ N. Kiu-nakow and S. l^Ieincziizny. ZeilscJi. Auorii. VIk ik. 64 (1909), 177. 

^0. Tamniann. Zeitsch. Plektrochcju. 18 (1912), 581; Zeit.'ich. Anory. 
(Jliem. 92 (1915), :{7. See also E. Heyn, Inl. A.s-.s‘. Tet<(. Mai., iith Corwrcfis 
(1912), First vSeetion, 11, i., p. 43. 

• Interesting views of the changes caused by cold work ,aro advanced By 
W. von MoeUendortT, hit. Zeitsch. Met. 6 (lBl4), 44, aiul by A. McCance, 
Trails. Faraday Soc. 10 (1914-15), 257. 
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Whatcvo^ viiw is taken pfitke theory of the process, there is no 
doiilV about the pivacticfj efTects 'upon metals of mechanical work 
at low/. emperatur.es. ^ When co])pcr is drawn out into wire “in 
the coid, ” r, ^reat increase in the tensile strength noticed ; the 
'•old-roini:g (^f brass and other materials into sheets or strips causey 
an^ncreasc in the hardness. A metal like aluminium maybe very 
perceptibly hard/nied by b(‘ing lianunered iii the cold. The punch- 
ing 'of a hole in a nudal ])]ate often causes considerable hardness- 
sometimes accompanied by brittleness- -around the opening. The 
properties of a metal are likewise gn^atly ifiodified, when it is re- 
duced to the state of tilings." 

Indeed, the cold- worked and annealed forms of the same metal 
seem to behave as though they w'cre two dilTerent substances ; a 
thermo-couple in which the two, elemeids consist of cold- worked 
silver wire and ann(‘al(‘d silver wire gives a very appreciable K.M.F.^ 
Further, the electrical conductivity changes when a metal sutlers 
deforiiiation in the cold ; the conductivity of annealed copper 
wire is 2*7 per cent, higher than that of th(‘ cold-drawn variety,^ 

In. addition, the chemical properties of a cold -worked metal 
differ from those of th(‘ anneahal varidy. This is not altogether 
surprising. Since the chaotic arrangement of atoms is less stable 
than the crystalline arrarigement, it is to be expixted that the 
amorphous or pseudo-amorphous metal will be less resistant towards 
chemical action. It is even thought possible by Bcilby to separate 
the crystalline metal from an aggregate containing both varieties 
by dissolving the amorphous phase* in a suitable reagent. For 
instance, if gold is beaten out into the; finest gold-leaf, most of it is 
converted into an apparently amorphous condition. On etching 
it with potassium cyanide, this “ amorj)hous ” gold ^is dissolved 
away, but minute units of crystalline matt(*r whidi liave survived 
the drastic treatment are left undissolved^.^'' 

If the “ amorphous ” or disorganized material is more susceptible 
to attack than (Tystalline material, it is to be e.xpected that a cold- 
worked metal will app(‘ar to be a less resistaTit or less “ noble ” — 

^ A jfjxxl accounp,of the effect of cold work on jnelals in given by Ul K. 
Pye, J, hhsl. Met. 6 '(1911), 105 ; O. W. Ellis, J. InM. Met. 21 (1919), ;il9. 

Coinpure T. M. Lowry and K. O. Parker, Trun.'i. (Jhem. Soc. 10*7 (1915), 
1005. 

3 G. T. Beilbv, Proe. Roy. *S'or. 79 fA] (1907), 474. 

« F. A. Wolff and J.'H. Dellinger, U.S. lUir. SlawL JiuU. 7 (1911), 118. 

* G. T. Beilby, J^rac. Hoy. Soc. 79 [A] (1907), 105. The existence of 
crystalline units in g<dd leaf, lhat is of grouj)s of atoms retaining an ordered 
airajigcincnt, is confirmed by an X-ray .study of gold loaf ; Mr. A. Muller 
b.*s very kindly j>repared foj' me a nintgenogram of gold leaf wliicb shows 
lines which woiiid af)pcar to Fnlicate the j>resence of a crystalline structure 
in the leaf. .See II. R, Evans, ./, Insf. Met. 27 (1922), 159. 
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substance than tho sanil* metal after a^inealing, Thfts is^ in general, 
the case A ayd is a matter of consftlerable ijiipor/ance in the s(^nce 
of electro-chemistry. It has been stated, however, that, ki/i few 
metals, such copper and aluminium, cold-work^ Kuid^^s the 
^letals less susccpl^ible to the attack of certain etcfnng a^'ents.'^ 

We may summarize the matter by saying that a cold-worked 
metal dilTcrs from an annealed metal not only m^inpchdnicdl ])ro- 
perties\ but in chemi(^tJ, ehetro -chemical, electrical and thetJno- 
electric properties also. 

Failure of Metals Subjected to alternating Stress. When 
a piece of metal is subjected to alternating stress, that is to the 
a{)plication of tension and compression alternately, it is liable, 
after withstanding several thousands of these alternations, to 
b(‘come brittle and to fracture, ii^ucli cas(‘s of failure— which imiy 
(Huair when the stress a])pb^d is very much less than the maximum 
stress as determined by the ordin^iry tensile t(‘sts — are well known 
to engineers, who ascribe them to fatigue.” It has been ^hown 
that there is for each material a limit known as the " endurance 
limit.” A.* alternating stress l)elow the endurance' limit will iTever 
(!aus(‘ failure (‘ven though applied for many millions of alternations. 
Rut any stress above' this limit will linall}^ cause failure ; and the 
number e)f alternations neaah'd to e;ause failure eh'crease's as we pass 
farther ajiel farther abe)ve the ” endurance limit.” 

The fatigue of a metal a{)pe'ars tei be ye't anothe'r example e)f the 
raelich' change' iii prope'rtie's breaight about by re*peateei colel-work. 
The matter has l)e'e'n studie'el by examining the specimen at inter- 
vals during an alternating stre'ss ((‘st. Slip bands may be seen 
(in the specimen after a few alte'rnations. After further appli- 
cations of stress the^ slip bands increase' in numbe'r and some ejf them 
bix’eime broade'r, anrl (inally (h‘vele)p - probably after many thou- 
sanels of alternations- iVto cracks ; when the* (;?*aeks in neighbour- 
ing grains meet one another, so as to form one* long ciack through 
the whede specimen, fracture Avill oe'cur.'* 

Where a specimen of metal e*ontains inte'rnal cavities, vhich 
cause tlu' stress upon the portions of uKital surrounding them to be 
gre'erter than elsewhere, tlie damage will often >'iom?nence^it the 
cavities, and will gradually spread throughout the material. 

If the failure of nu'tals by fatigue (h'pends on the foi'ination of 

^ VV. IT. Walker mill C. Dill, Trans. Amcr. hlcctrorjn m. Sor. 11 (1907), MS. 

“ J. Czo(!hralski, >!tahl a. Eiseu, 35 (1915), 1074. 

^ J. A. Ewing aiKl J. C. W. Humphrey, Phil. Trans. 200 [A] (1903), ^41. 
Other intore.sting work on fatigno i.s d(*.scnbed by B. Hopkins(^li, Pro<\ Ro]K 
Soc. 86 [A] (1911-12), 131. B. Hopkinson ai*il (1. T. ^^'jJli^ln.s, Proc. Roy. 

87 [A] (1912), 502. 
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slip bajidff, it is to be expecte^^ that the straining of the metal within 
the mnge of perfeot el^’ticity — '\^hich produces no slip*bands — will 
be iiL^pable of causing failure by fatigue. One authority has 
suggesi^l tfl^t^the “ endurance limit ” is identic^al ^vith the “ limit 
proportionality.” ^ r 

^'here is — or, at least, there was— a common belief that metals 
l)ecomc crystalknc under an alternating stress. This is ^wrong. 
The fracture caused by fatigue sometimes ‘“shows up ” the crystal- 
line structure of metals particularly well, but the crystalline struc- 
ture was there long before the stress begad.- 

Hardness of Metals. Many of the forces to which a body 
comes to b(! subjected tend to produce alteration in shape— not 
to the body as a whole— but to the surface of tlie body only, ])ro- 
ducing scratches, indentations ’or perhaps general wear. The 
power to withstand these superlicial changes is vaguely termed the 
hardness of the body. Tf the siK’face layer of the mat^Tial is the 
same as that of the interior, the hardiu'ss of the body should be 
closely connected with the strength, as determined, for instance, 
by fhe tensile tests. In many instances, this is founrl to be the 
case. Often, however, the structure or composition at a surface 
is different from that in the interior, and in such cases it is not * 
to be expected that there will be any connection between the hard- 
ness of the surface and the strength of the material as a whole. 

Various methods of measuring hardness have been devised. In 
the Brinell test, a steel ball is pressed down with a Ivnown force 
upon the surfa(;e to be tested ; the diameter of the circular im- 
pression produced is then measured, and from this it is easy to 
calculate the stress (or force per unit area) which the metal with- 
stood when the ball ceased to pcuictratc further into it. If the 
material of the surface is similar to that of^the interior, this should 
be roughly proportional with the inaximmn stress obtaiiu'd on th(' 
tensile testing machine, and gem'rally speaking this has l)e(m found 
to b(‘ the case,"’^ 

Another principle is embodied in the Shore test.^ Here a steel 
baU is dropped from a known height on to the surface to bo tested, 
and tffe height tb which it rebounds is measured. The harder the 

1 W. E. JJulby, Phil. Trans. 221 [A] (1920), 197. Compare C. E. Stro- 
meyer, Proc. Roy. Soc. 90 [A] {1914), 411, who measures tho endurance limit 
by determiiiijig the h4i’es.s at whicli the specimen undergoing alternations 
becomes peieeptibly«iieatcd ; tliis will bo the stress at which the specimen 
begins to undergo phistic, a.s opposed to elastic, deformation. 

F. C. A. H. lyimtsberry, Krujinrer, 119 (191. 3), 68. 

2 H. Lo Cl^atelicr, Rev. Met. 3 (1906), G89. Further investigations regard- 
fiig tho Brinell *'Tiethod urc described by .A. Wahlberg, J. Iron Steel Inst, 59 
(1901), 243. 

* A. F. Shore, A?ner. Machinist, 30 (1907), 747. 
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material, the greatei* yie rebound, fl'hcj height of relfOtmd is ex- 
])ressed as ‘a percentage of the ‘height fiiom which the bal ? was 
dropped ; the percentage numbers obtained are under faf( Arable 
circumstances j’oi^ghly proportional to the elasiic liryit 5s m^isured 
in the tensile test. 7 * 

A third type i)f method is employed in Turner’s scelerometer. 
A weighted diamoiid point is moved ov(‘r tlu' surkiee to be t('sted. 
The weight needed to* produce a scratch of standard appearance 
is determined ; this is a measure of the hardness. 

It will bo evident tliat the term hardness is not an exact one ’ ; 
it is used by some persons to mean ‘‘ resistance to indentation,” by 
otlu'rs to mean “ resistance', to scratcliing ” ; others, again, employ 
it to signify “ resistance to ge'neral wear,” whilst, some c\Tn regard 
the term as synonymous witli ‘ ♦•utting ])ow(‘r.” ]n some (dasses 
of materials, the degnM' of ri'sistaiKa' to on(‘ sort of deformation 
jnay be an indication of tin' resistance to another sort ; but this 
is by no means always true. Among the steels, for instanTu*, tlie 
factor ri'quifed to convert the ‘‘ Brinell immber ” to the " Shore 
number ” ’^iries considerably according to the ty])e of steel te;?ted.“ 
If it is desired to ineasurtj resistance to indentation, the Brinell 
test should be used ; if resistance to scratching, the Turner test is 
available. WIkuv, however, tin* resistance to general wear of a 
material 1 ^ tf) be arrived at, it is necessary to construct sonn^ machine 
which will r(q)roduce the conditions t.o which the material will bo 
subjected in actual use, and then to measuri' the amount of metal 
worn away in a givcui time. Sanniter ^ has devisiai such a machine 
for mi'asuring the wear of steel rails. It is notc'worthy that tlu' 
type of st(‘el found by Sanniter to giva* the best results in the wi'ar* 
ing test, lu^s quite' a low hardness numln'r wlicn tested by the* 
]h-inell method. Similarly, to estimate the euttijig power of a 
steel, the only methodVhich is of real use is to ])r('j)aro a (uitting 
('dge and determine its ctlicic'ncy by means of a lather test : tlu' 
Brinell arid Shore hardness numbers give little iudieatioii of tin' 
\aliu^ of a mati'i’ial for this purpose.^ 

Beilby’s Theory of Polishing. Another example of deform - 
ation^restricted to the surfaee of metal is provided by the^process 

1 Tunicr, ,/. Insl. Met. 18 (1017), S7. .T. W. Omggs, J. S(n'. Chrtih. 

hid. 37 (1918), 40 t. 

“ A. t’. vShore, Jrott Slnl. Jn.st. 98 (I9l8), uO, »Si» H. HadfiulU, lf'i>>i 
Sted hid. 98 (1918), 00. 

K. H. .Siumitcr, J. Iron Sled hid. 78 (1908), 73; Int. Ass. Test. J^Jat. 
(i//( Coniiress (1912), First Section, 111,1. The coiincctiou between ivsistanco 
to wear and hardness is discussed also by T. Turner, J. Inst^l^et. 18 (191 1^, 
90: F. (J. A. B. Lantsberry, J Inst. Met. 18'*(1917), 112. 

M. 0. Arnold, J. Iron Steel Insi. 93 (1916), 102. 
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of polisliii>g^; it differs fropj yic examples considered above in that 
polishing renders the siifface smcfothcr, instead of less. smooth. 

AtVne time polishing was regarded as a kind of minute abrasion ; 
the pj^ectin^ jiortions of the rough surface were, jt was thought, 
^vorn by the action of the polishing material. It has, however, 
be?n shown that polishing generally consists in making the material 
flow (fown from, the minute projections on the surface, and fill up, 
or Cover u]). the depressions. Thus, wiiert the polishing is com- 
plete, the whole surface is covered over with a smooth vitreous 
layer of mor(‘ or less “ amorphous metal, fjroduced by the action 
of cold Avork, the layer being often spoken of as the amorphous 
vaniish.” 

The formation of this surface film depends v^ery largely on the 
nature of the polishing ])owder psed. When ferric oxid(^ 
is rul)bed oxer th(‘ surface, the particles exert a ixanarkable drag 
upon the surface atoms of the metal, causing rapid “ smearing.” 
Alumkiium oxide exerts a smaTler drag upon the nutial, whilst 
magnesium oxide has often very little true polishing action, 
behfttdng more like a fine abrasive.^ 

Presumably there exists a greater atlraetive forc(‘ between the 
atoms composing the rouge ])articles and the surface atoms of fhe , 
metal, than exists between the atoms of the inagnesia ])articles 
and those of the metal. This is confirmed by the fact that a certain 
afuounf of roug(‘ is actually retained in the surface film. Silver 
])olished by rouge has a darker lustre than silver ])olished with 
magnesia : oceasiomdly, moreover, where the rouge used is too 
soft {not having been heated suni<aently during manufacture) the 
silver after some time develo[)s minute black dots on tlie surface, 
which an* nothing else than small particles of fcrrut oxide.- 

The nature of the polishing jwocess is well shown by some experi- 
ments due to Beilby.'* A piece of antimo/y is ground down witli 
emery paper, the final grinding being carried out by emery of 
extreme fineness. Nevertheless, the surface can b(‘ seen under 
the microscope to be covered with striations, representing the 
minute furrows left by the emery. It is now polished with wash- 
leathe^,sprinkled;vith rouge ; on examination under the microsebpe 
the striations have for the most part disappeared, a film of Inetal 
having spread ov(t the whok' surface, sometimes filling the furrows 
and sometimes bridging over them. WIkui, liowuver, tlie metal 
is etched with potj»..ssium cyanide .solution, the sf riations r(*appear ; 

’ •vV. liosiMiliain, ,/. Iron Sttd Inst. 70 (lJHa»), 197 ; e.s[)0(:ially fouliiolo. 

See W. tfroKenhain, Engineer in(f, 96 (1919), all). 

" G. T. Beilhy, Proe. Roy. 72 (1903 4), 21, S. See etse J.onl Rayleigh, 
Proc. Opt. Conv. (1905) 73 ; W. Ro.senhaiii, Proc. Opt. Conv. (1905), 70. 
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tlu^ |)otassium cyanide? dissdlves the amorphous him jiyrl reveals 
the tuiTOWs^whicJi werd previously hidtlen hehiijd it. Incidentally, 
the (experiment aft'ords an illustration ot the preterential ittaek 
of an etching aui'iit u[)o]i the amorphous phase. th(% cry/alline 
medal being aTmost untouched by th(‘ e-yankh'. * * ' 

Another interesting (‘xperiment concerns the polishing of a 
specimen of coj^jier, the surface of which contain^ numerous pits, 
due t<? gas included ii>» the nudal at the time of casting.^ When 
the surface is polished the pits disa])pear, the amorphous him having 
flowed over and hidd«i them. Jly cautiously etching awny part 
of the amorphous him, Beilby reaeJied a stage when the remaining 
p(jrtion of the him was so thin as to lx* t ran span* nt, and the pits 
were then visible through the lilrn. When tlu* et(hung was carried 
farther, the rest of the him was^i’tanoved, and the* pits reopened, 
with the same appt'arance as at the start. 

Various other operations of mechanical work are believed to cause 
the preseitce of a hard glass-lik(*hlm upon the surface of metals, 
])articularly those of drawing and rolling at low temperatures. 
(Vld-drawn copper wire is stronger and harder than hot-dyawn 
wire ( if tiif sanu' e(nnj>osition. Many authoritievs have long be- 
lieved that th(' a(ld(‘d strength of th(‘ cold-drawn wire is due to a 
liard glassy skin of amorphous eoj)])er upon the surface. l)oul)t 
has, ho\ '<‘ver, been thrown on this view by recent investigations 
th(* hard kin, where it exists at’ all, appears to be due to oxide 
scale rolh'd into the wii’e.'* 

In the case of a brass tubi*, on the other hand, th(‘ existence of 
an apparently amorphous surface layer ap])ears to be established. 
It has, in fact, been found pos-sibk* to stri}) the layer from the 
gi’amilar material below, l)y the action of dilute* ammonium chloride.^ 
layer juojX'i' is structurehvss, but a good deal of cru.shed or 
sub-crystalline mateihe^ from below is usually found adhering to 
the lower surface. * 

Annealing. Mechanical deformation, as has been sliown, 
caust's the atcmis of cast nud-als to abandon the orderly array in 
p(‘rfect crystals of ap])i-eciable size which re})reaents the condition 
of fnaxinium stability ; even though the crystal structure way not 
in •any case— be entirely destroyed, the crystals are shattered 
into small fragments, and the lattice is ])rohably distorted and 
even in places obliterated. The final chaotiy state repnvsents a 
much less .stable ai'rangement than the* lirsR It would seem 

' G. T. Beilby, Proc. Hoy. Soc. 89 [A| (1914), rm. 

“ E. H. Pierce, Proc. Aimr. Sov. Alat. 17 (1917), 11"). «• 

" L. Addiok,9, Proc. Amrr. Poc. Test. Mat. 1^(1917), 122. * 

* G. D. Bengough, B. M. Jones xnd B. Pirret, J. Inst. Met. 23 (1920), HO. 
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natural therefore th*at, as soon as the extornal stress is removed, 
the atoms Should commeifce* to jTarrange 'themselves in a stable 
^^rystil ^array. In soft metals, like lead and tin, the ‘atoms have 
^JufficilUt fjpcdoiirof movement at ordinary temperatures for this 
L-eorgai^zatiOii'^fco commence spontaneously. In ()tfier metals, it is 
ti^eessary to raise the temperatui*e before the atoms acquire th6 
lecessiiry mobility to revert to the most stable arrangement. The 
process of maintaining a piece of metal at an elevated temperature 
^o as to remove the effects of strain is spoken of as “ annealing.” 

The first effect of annealing at a fairly lo\^ temperature is simply 
.0 remove the internal stresses which are always present in deformed 
netals ; it is found that the amiealing of cold-wor]<ed brass at a low 
emperature (200-250'^ C.) is capable of removing (mtirely the 
nternal stresses, which predispose the brass to season-cracking, 
without altering perceptibly the'special hardness which has been 
aiused by the cold-work.^ Apparently in the j)ortions where the 
doms,,are only slightly removed* from their true positions on the 
pace-lattice (thus producing the internal stresses), the atoms 
evert to the most stable arrangement, and the distortion of the 
attice disappears. • 

More vigorous annealing ])roduces other (‘fleets. The metal 
OSes its acquired hardness ; it ceases to be ))rittle, and becomes ‘ 
luctile once more. The elastic limit and yit‘ld-point, which were 
0 much raised by deformation, are again greatly reduced. This 
narked change of physical properties is accompanied by a change 
if structure- namely by the growth of certain crystals at the 
xpense of others, and in some cases by the appearance of fresh 
rystals in the material. Apparently in the portions where'- the 
riginal crystals have become broken up or disorganized as a result 
f the deformation, the atoms commence to rearrange themselves 
[I perfect crystal-array, but the orientatioj;} will in general not bi^ 
he same as that existing before the metfd was strained. Where 
he deformation of the metal as a whole has been small, ccrtai?i 
rains which have escaped serious disorganization may act as nuclei 
pon which the atoms of the shattered material all around them 
an commence to rearrange themselves. In such a case, tljesc 
rains will commence to grow outwards into the shattered mf^terial 
round them, and we get the phenomenon which Prof. Carpenter 
nd Miss Elam have named grain -growth. But where the dis- 
rganization of tl|e'‘ crystal-structure is great (e.g. at the grain- 
oundaries), crystallization may commence from nuclei which 
rise (apparently spontaneously) in the disordered material (just 
A crystallites, appear spontaneously in a glass when it undergoes 
^ H. Moore and S. B^kiasale, ./. In.st. Met. 23 (1920), 225. 
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devitrification); this leads to the appearance of > entirely fresh 
crystals, and the phenomenon has^ be^i termed recry sAllization. 

The effect* of annealing upon structure is fvell illustrated by ,somi' 
experiments upon zincT When a. east piece of zinc ^s styhined 
by compression^in^a vice, the beautiful granular struf^Kire is’ gradu- 
ally obliterated. When the stress applied has been but feeble, the 
outlines of the original grains can still lie distinguished in a section, 
although the grains arp hopelessly broken up : w hen a greater 
stress is applied, all signs of the original granular structure dis- 
appears, and the appei^'ance in an ordinary micro-section becomes 
almost homogeneous. If the strained metal is annealed, however, 
the structure once more rewerts to that of large equiaxed polygonal 
grains with smooth well-marked boundaries. 

If. is not. trut‘, hownvx'r, to say that a piece of cast imdal which 
has been deformed and then aifiiealed, returns entirely to the 
original structure. For, in the first place, the grain-size after 
annealing is often not the same as that of the cast metal ; some- 
times it is coarser- -which is liable to w'eaken the article. Secondly, 
the grains of the annc'aled metal are not always accurately equiaxtal, 
being often^elongated in one direction ; wdiere, for instance, f lu' 
article had beem deformed by rolling, the grains will sometimes be 
Tongest in the direction of rolling, even after annealing. Thirdly, 
in some nu'tals, twinning can be seen in the metal after annealing, 
although absent in the original casting. Finally, it may be re- 
marked thiit the boundai'ies of the grains shown in sections of 
strained and annealed specimens are usually much smoother ajul 
straighter than in ordinary east metals. 

The grain-size of the metal after annealing is alh'cted by at least 
four factors : - 
• 

(!) the degr(‘e of (hdorinatioii, 

(2) the tempeiatur^ of annealijig, 

(II) the duration of aniH'aling, 
and (4) the presence or ahsence of obstrn(;tiv(‘ inqnniti('s. 

These factors will be discussed ii\ ttirn. 

The effect of the degree of deformation^^m giain^ize is 
showriP clearly in cases where a piece of metal has been d('forined 
by a non-imiform stress. For instance, if the surface of a piece 
of steel is indented by pressing a hard ball ipto it, and is then 
annealed, a section at right angles to the surface filiows three zones 
(Fig. 40) 2 

^ 0. Tiinof^ef, Rev. Met. 11 (1914), 127; Cmtes Rend. 1«5*(1912), 43C.' 

^ A, Saiiveiir, Int. Ass. Test. Mat. 6th Congress (1912), First Section, 11. 0. 
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Zone I (Fine, unchanged) 


Fio. 40.— Zones produced on annealing a non-iinii’onnly straiiK'd ])i('(’e of 

Metal. 

« 

Zone I. The main body of the steel far from the iiKhMitation has 
(dearly been subjected to a very small stress, and naturally has 
undergone no apparent change. 

Zone II, rather closer to the'indentation, has clearly b(?en sub- 
jected to a great (‘r stress ; here we find very big grains, very much 
bigge/ than those of the original steel before straining,. 

Zone III, which is next to the indentation, where the stn'ss 
must have been greatest, has, however, much smaller grains, tin* 
general appearance being acdually very .similar to that of the un- 
chang('d Zone 1. 

Zones II and III pass insensibly into one anolhei*, the grains 
becoming gradually smaller as they approach the indentation. 

It may appear anomalous that whilst a mod(‘rate stress causes 
so great an increase in the siz(‘ of the grains, a much greater stress 
causes practically no alteration in the grain-size. If, however, it is 
borne in mind that crystallization from the strained disordered 
state— like the crystallization from the fu.sed state — ])robably 
starts from nuclei, a regularity is at once a]>])art;nt. For tli(5 
phenomenon can be tabulatc'd thus ; 

Zone I, Stress very small. No fredi crystallizalion ; grains 
remain small. 

Zone II. Stress moderate. Ciystallization from a feiv nuclei ; 
h(mce very large grains. 

Zofie III. Stre.ss high. Crystallization from many nuclei ; 
hence smaU grains are ])roduced. 

To express the matter in a single sentence : if an unequally 
•strained piece of, metal be annealed, there will be a zone of coarse 
crystals between the recrystallized and unchanged portions. 

*The expression “ crystallization from nuclei ” is intended to 
include tlfe two jiossible modes of crystallization which, as already 
explained, may oc-cur during annealing. Our knowledge of these 
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t) 

Is largely due to tlie J•^eellt \iX|)(aiiii4‘iits ot Prof, (jar^miter and 
Miss Elam.^. ddicy arc:- ^ ^ , 

{a) Crystal -growth, eliaraeteristJe of aniu^aliiig ^rnild 

lUj'ormation. %h\^ nornially leads to an increase o> ^rrain size. 

*{b) Recrystallization, characteristic of annealing aftcu- 
(lefornuition. Tlws may lead to a eecrmsa of grain-size* • 

{a) The first phenoifienon, namely crystal -growth, is edn- 


veni(mtly studied in tin containing U per (Muit. of ant imony, if n 
polished and etched se(5aon of this alloy (tin' ]»reparatiof) is by no 
nu'ans easy) is heated under conditions which giv(^ jis(‘ to crystal- 


growth, and tlnm cooled, the new' 
th(; various grains are (dearly 
shown by vv(dl-define(l lines; tlu' 
lines really repri'smit differences 
(.)f level betw(am the lins - 
presumablf du(^ to sorm volume- 
change connected with the cool- 
ing-process. Th(‘ lines marking 
the (original position of the boun- 
daries arc j^)t however obliter- 
ated, and, if the specimen is 
heated .'or five or si.x short 
])eriods, l»('ing cooled betwetm 
each, \\'e shall get five or six lines 
marking the jiositions of the 
boundary at the end of each 
“ heat.” Snell an alloy clearly 
furnishes a ready means of arriv 
ing at the laws of crystal-growth. 


positions of t-h(' l)oundaries of 



IW)un<larit',s Ik'Ioiv niiii<-aIitiM 
l!(»uu(l!uic.s iiKci lli>t, M‘c<»n(i, 
Uiinl, Idiirtli lic.ii 
Final l>unii<larl<‘'i 


It has been discovered ^ in this way that, duriug (lie anmading 
process, the boundary separating two adjacent giains often ad\ ane(\s. 
as a whole, in one direction or the other, so that one grain gro\\s 
larger, whilst its neighhonr grows smaller. Sometimes a grain 
may be invaded by all its neighbours, and v ill finally disappear 
altogethei’. Such a case is shown in Fig. 41 ; ^lere the q^ntral 
grain Imd originally the outline shown by the thick line, but, on 
succeeding “ heats ” its live neighbours advanci^d into it (the 
position of the “ frontier ” after each “ advance ” being shown 
by the broken lines) and their advance has only tR’ased when they 
met one another at the positions indicated by the thin unbroken 
lines. Sometimes, however, one grain may be invading a neighbour 


Carpenter and C. F. Elam, J. limt. Met 24 (f920). 8.3; 25 
(1921), 259 ; Pro(\ Raij. Sov. 100 [.X] (1921), 329. 
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on one side, ^vhilst it is itself being Tnvadcd by another grain on 
another side. OceasionaUy, a boundary may reinain stationary 
for f^n"> or more heats,'’ and will commence to move forward 
on thi nc*vt heat.” 

The theory of grain -growth is still a matter al)oiit which different 
views are hold. It seems most likely that it is the straimd 
(jrains (in wliich th(‘ atoms retain their originjjl positions com])ai’a- 
ti\ely unciianged) that grow into their more, deformed neignbours, 
the disai'ranged atoms of the latter being compelled to rearray 
themselves according to th(‘ oihaitation of the former.^ Possibly 
the form of the boundary separating the grains may have an in- 
huenee in determining growth, since there will be a tendency for 
growth to commence in such a direction as will cause tlie boundary 
to “ straighten out,” thus r(‘ducing the interfaoial energy of the 
system.- 

{b) Recrystallization from^ new centres is charactcu’istic of a 
higher (legre(‘ of deformation. 1’he new centres appear to b(‘ 
formed spontaneously in tin* amorphous ” jiiaterial wliich exists 
at ‘the boundary of tlu* distorted grains and elsewhere. When 
on(?e the crystallites a])})ear at the boundaries, they act as nuclei 
upon which the disord(‘r(‘d atoms of the shattered grains can array 
themselves, and the process continues until th(‘ whole metal is 
crystallized afresh. The number of nuclei will be greater, the 
greater amount of amorphous matter ])re.sent ; conseipiently, a 
high degree of deformation is likely to give a larger number of 

crystals in the final state- and consecjuently, a smaller grain -size 

than a ( omparativTly small degree of deformation. 

Much information has been derived from a study of the be- 
haviour of rolled aluminium on annealing. The original structure 
of the rolled metal (Eig. 42a) consists of thin lanudla^, which may 
perhaps be rt'garfled as tlu^ original erys^ .is of tin* cast metal ve?‘y 


^ Prof. (Jnrpenfcr and JMiss Kluni originally thought that (lie Ktrained 
grains grow into tho Ics-s strained. It appear.s, however, at variance witii 
the ordinary idca.s of crystallization that the more disarrayed atoms should 
compel the le.s.s di.sarraycd atorn.s to rcarray ihemsolves according to the 
vestiges of orientation remaining among the former. See U. R. livans, 
./. Inst. Met. 25 (^1921), 298. Profo.ssor Carpenter and Miss Klam deal with 
the difliculty raised by the pre.sent writer in Froc. Roy. Soc. 100 (A] (1921), 
251. The view of the pro.sent writer i.s supported by C. J. Smithells, J. Inst. 
Met. 27 (1922), 107. Sinithclls tliinks, however, that the relative size of 
the grains is also aji important factor. The pre-ssent writer thinks it unlikely 
that size has any direct effect. Carpenter and Elam’s experiments certainly 
seem to indicate that the big grains do not in every case swallow tlio small ones. 

‘ » U. R. Evans, J. Inst. Met. 27 (1922), 139. 
ir ® H. C. 16. Carpenter and C. F. Elam, J. Inst. Met. 25 (1921), 259. Com- 
pare E. Rassow and L. Velde, Zeitsch. Metallkunde, 12 (1920), 369, who find 
that in copper also recry.stnJlization commences at tlie grain boundaries. 
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(A) 


nuKih elongated in the direction of royin^. On annialiyg at al)oiit 
IlOO'' C., new crystals a[)}}ear in alfjiit three^lioni;s at the boundaries 
between theses lanielbc ; they can fortunately, be distii^uished 
from the old crystals as th(‘y tarnish less readily, /inJl therefore 
show up in the niicr'o-sections as white grains on a Sarker back- 
ground. Fig. 42b shows three m^w crystals which liav^p appeared 
at the grain boini/laj-ies. On fur'ther annealing, tli^'se mnv ci^/stals 
spread^ out until tlu^ • • 

whole mass is ri'crys- "j " " j 

tallized ; the metal • I ' Z ” ' — 

h a s 1 Ikmi acquired - — ■ — . 

something of a poly- 
gonal sti’ueturt', rather 
similar to that of a 
east metal. It should. 
liowi‘ver, be noticed 
tliat eveiF the ik'w 
crystals an^ som(n\ hat 
elongat('d in the direc- 
tiof) of I'oriing (J^'ig, 

42c). An (‘.\;[)lanation 
of this ['('markable fact 
may b * suggr'sti'd. 

4’he grovvi h of crystals 
from the nuclei that- 
arise s])ontaneously in 
the boundai'v will 
occur more' quic^kly in 
th(' (liieetion of rolling 
than it will (*lo in the 
direction at- right 
angk's. For crystal- 
lization iti the direc- 
tion (4 rolling iiwolves 
only the rearranging of the utterly disordered atoms which exist 
alon^ the boundaries of the old elongated grains,^^ whereas gj’owth 
in the direction at right angles re(pures the re-arranging of atoms 
which still retain some vestige of their old oii(‘.ntation— a bict 
which will undoubtedly militate against their [CMsuming the now 
system of orientation. • 

In several other metals, the grains produced after recrysialli- 
zation are elongated in a manner related to the direction of previofts 
deformation.^ But in the annealing of rolled cupro-niclcel, where 
' CoiTiptiw \V. B. Riulor, Travs. Amer. Just. Min, Eng, 47 (1913), 575. 


(B) 





iC> 

I'lO, 12. — Holled .Minnitiinni : (</) hcl'ort* an- 
lu'iiliug ; [h) aniicalrd 3 hours a) 3UU ; (f) au- 
iioaled for several weeks. 
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the ainor 5 T^hoih} material appears to exist mainly along the planes 
of gliding, the new c.ryjstals first' appear in the gliding-planes and 
grow most quickly in the direction of gliding. Thus these new 
crystfds tetid^to become elongated in the direction of gliding, not 
in the direction of rolling.^ 

The fact, that a low degree of deformation will give rise to a larger 
grain-size than ,a high degree ot deformation is of some importance 
in 'industry, because coarseness of grain is a cause of fragility. In 
the ordinary articles wliich have undergone a considerable amount 
of mechanical working, a good d(‘al of lattcude can be allowed in 
the choice of annealing conditions without fear of brittleness. But 
where the degree of deformation is small, brittleness may occur 
unless the annealing conditions are carefully chosen. Wire which 
has suffered considerable reduction of area by passing through a die 
rarely becomes coarse on annealing ; but wire wiiich has merely 
undergone a straightening O 2 )eration — involving only very slight 
defoiuiation — readily becomes coarsely crystalline when annealed . 2 

Effect of Temperature on Grain -size. The effect of the 
annealing temperature u})on the grain-size produced is also a matter 
of some imi)ortance in industrial work. At a high temperature, 
a short annealing will cause grain-grow th in a piece of metal which 
has undergoiK' too little deformation to allow of an}' grain-growth 
at a low'er temperature', in the technical annealing of articles, 
an unduly high temperatuia' is rightly looked upon as dangerous- — 
being likely to cause a coarse grain-size and cons(?quent fragility. 
But, in some cases at least, this is due to the fact that the articles in 
question arc deformed to a different extent in different j)arts ; and 
wliilst annealing at a low temjierature only causes a change; of 
structure in the highly deformed portions, the annealing at a high 
temperature will cause growth to occur alse^ in the less d(‘form(*d 
])arts — with the consequent production coarse grains. In such 
a case, it is the small degree of deformation which is the pririiary 
cause of coarseness, and the temperature acts merely as a deter- 
mining factor which decides whether growth can occur in the 
slightly deformed parts or not. 

Thic is shown very well by the work of Hanson on alumiilium.^ 
A test piece was cut which w as tajjcred tow'ards the centre, and wais 
strained until it broke at the centre. One half was annealed at 
450 ' C., the othcB for a longer time at 480'" 0. ; the two halves 
were etched w ith hydrofluoric acid, and are represented in Fig. 48, 
side by side. 

1 F. A'dqock, J. Inst. Met. 27 (1922), ;3. 

* H. M. Howe, Tra7is.rAmer. Inst. Mi?, Eng. 56 (1910 17), AMf). 

» D. Hanson, ./. Inst. Met. 20 (1918), 14i. 
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It is clear that the stress per unit Area must have greater 
at the naiTftw portion near the centre tha^ at hroad portion near 
the shoulder. It is not surprising, therefore, to -find that, 1n^ eaoli 
piece, the graiy if fine at the centre, but becomes egarser as the 
shoulder is approached. At corresponding levels (and tluTcfore 
at ])oints of equal deformation) the grain-size is ^a‘^y•nea^ly the 
sanity in both pieces*; but in the piece annealed at 480° C. the re- 
ei'ystallization has extended to a point much fartlier down in fhe 
r(‘gion of low strain ; consequently a larger size of grain has been 
reached. Similar results have been obtained with otlier metals. 

As to whether — ^in a uniformhj stressed specimen — a high an- 
nealing temperature wall cause a large grain-size or a small grain- 
size is another mattei', and the answ^er is different in the case of 
dilTerent metals. In brass ^ and • 
ill tin," for instance, a high lem- 
])eraturc of annealing has beiai ^ 
shown to*eaus(' a eoarsiT grain 
than is produced by annealing at 
a low' ti'uq^'rature. other things 
being e(jual. On the oilu'r hand in 
zine^ and in aluminium,'* a high 
tcmpcraturi^ ]>]'oduc(‘s growth 
from nu. cy centres, and conse- 
quently a jiiier grain-size, than a 
low temperature. Twt) American 4’apoioa Alniiiimum MVst, 

metallographists, How'co and dell- ininuto.s ; (B) at 4.>0‘' C. 

ries,® have laid great emphasis on tor r> miinitt's. 
the production of laiarse crystals leased (ni photograph by Hanson, 
at the so-cglled “ germinative 

temperature ’’--that is the loivest temperature at which a given 
piece of defornu'd inetarAvill show'' any alteration in structure ; it 
is, of course, low'cr for highly deformed metal than for slightly 
defoi'ined metal. They consider that at the germinative tem- 
])erature. only a few grains (those most favourably situated) will 
become ‘‘germinant” (i.e. will start to grow'^) and consequently 
a (loflrse structure will be produced. KxpiTiment^; have bcf-n de- 
scribee? to show that if a metal wire is heated elect rically, so that 



ros ^ ^ IVlatliewson and A. Phillip.s, Trans, Amer. InsL Min, Eng. 54 (1016), 

“ J. C/.oclirnJ.ski, fnl. Zeitsch. Met. 8 (1916), 1. 

■' (1. Masirig, Zeilscli. Melallknnde, 13 (1921), 425. 

^ H. C. B. Carpenter and C. F. Finm, Proc. Roy. Eoc. 100 [AH 1921), 329, 
H. M. Howe, Trans. .Imrr. hist. Min. Eng. 56 (1916-17). 'in. ' 

® Z. .Jeffries, Trans. Amer. Inst. Min. 5 # (1916), 658 ; 56 (1916-17), 
^82 ; J, Inst. Met. 20 (1918), 109. 
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the ceiitrii}' portion is just .‘iboA'e tlie germinativc temperature, 
and the surface of the rvire (owing to radiation) is just below it, 
the “ gtTiniriant ’’ grains of the hot interior Avill grow outwards 
into the inert ” exterior portion, and thus rprpduce a coarse 
1‘adial structure. In explaining such ])henomena, the conception 
of a “ germinativc temperature ” may be extremely useful ; the 
conception has been applied especially in discussijig the ira})ortant 
question of the grain-size of tungsten. Buf many mctallographists 
consider that it has been used to interpret cases Avhich could more 
conveniently be explained in other ways. If the production of 
coarse grains at the germinativc temperature were a common 
occurrence, one would expect that, in ordinary annealing practice, 
tlie rate of heating up an article througli the germinativc tempera- 
ture would be of vital importanc(\ For if the article remained 
for any appreciable period at tlie germinati\e temperature, one 
would imagine" on the JetTries-How(‘ theory — that coars(‘ grains 
woulcf develop. Aclually, hou ever, the rate of heating seems to 
make little difference.^ Coarse grains only develoj) where the final 
tenfperature is unduly high, or wIhtc tin* degre(‘ of /i(‘forniation 
has bei'ii almormally low. 

Effect of Duration of Annealing. Thi' time during which 
annealing is carried on clearly affc'cts the state of the metal after 
the process ; but, if sufficient time is allowed, a stage is always 
reached in which continued annealing seems to have no furth(‘r 
effect. This cannot occur until the various growing grains havi* 
met one another at all points, and may not occur even then, since 
occasionally r(*CTystallization is followed by the growth of the new 
crystals into one another. Sooikt or latiT, howev't'r, a stage is 
reached at which then' is no further change ; or at any-ratc the fur- 
ther change' is so slow as to be* e;apal>le of be'ing negle'cte'el. 

The time required tee re'ae'h this final Aage de])e'nds very much 
on the te'mperature'. A ve'ry small lowering in the te'iiqie'rature 
will increase to a nuLst re*markable extent the time re'epiireel tee reach 
the completely anneah*d ceenelition. In irem, the time' required at 
different tenijicratuiTs tee re'ae'h a ceirresjionding e'onditiem (not 
necessarily the final ce>mlitie)n) is she)wn on the* next page.- 

Effect of Obstructions on Grain -growth. Aneether very 
important factor in determining the? resistance* e>f a material te) an 
exagge^rated graiev-growtb is the pre'.sence of im])urit ie's ; if the^ grains 
of the original mate'iial weae* .separate'd by a neTweerk ejojitaining 
a Second me*tal, or an inte'r-metaJlic comjeeeund ejr a carbides, the 

* ^ Compare? A. Fhillip.s and C. (’. Crrne'r, Met. (’hem. Emj. 20 (1919), 022. 

^ According to A. K. Whilfe and H. F. Wood, l*roc. Amer. Euc. Teat. Mai. 
16 (1910), 82. 
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Equivalent Times for Anncalijf^ at^irterent Temperatures. 


S ^liiiiitrs . 
•21 tniiHili's 
lionrs 

:)2?, liours , 


(i7r> ' 
r.rjo 
(ilM) ' 


jjrrowth of grain — as will be readily understood- is hiudered ; 

ineiusiojis of slag within the metal ]troduce a similar effect.^ 

Where the impurities oceur in a banded arrangement throughout 
the metal, as in the ease of '' pt^arlitie ” steel, the obstriudion is 
naturally most pronounced ; and it is not surprising to find that the 
tendency of iroii and low-carbon steel to '■ coarseti ” on annealing 
falls olT rapidly as tlie carbon-(T)nt(‘nt increases.*" 

The presence in metallit- tujigsten of ct'rtain oAides. such as 
thoria, liiffe, and in a lesser degree alumina, has a very n'.arktul 
{‘Ifect in r('st raining the grain-groui:h on aniit'aling ; the impurities 
collect at th(‘ grain -boundaries when the nudal is annealed, .and 
prevent tlu' growth of one grain into aiiothcT.'^ 

Objects of Annealing. Tin* obje(d. ainx'd at in annealing a 
metal dil't’ers in various eases. 

If it i;' desired ^ to subject metal to considerabh* chang(' of shape 
(for instance, to draw out rod into thin wire), the; deformatioji 
renders the fiu'tul hard and britt le ; and. if any attempt were mad(^ 
to cany out the process in one step, the metal would certainly 
fracture befor(‘- the desired elTect was j)rodue(‘d. ConscM|uently, 
after a ctTlain amount of (kdormation has occurred, the metal is 
annealed at ,a fairly high lianptTature : tlie annealing nanovc'S the 
effect of cold work, I'cdmu'S the elastic limit, rendering the metal 
ductile once jiiore, so tluA the did’ormation ])ro(a'ss can la* continued. 
By alternate annealing and deformation the proct'ss can (‘oniinue 
until the ])roduct is of the desired form. 

Idle annivdijig of a tinished article, has, howi'vei’, a ditfeient 
object namely, to remove th(‘ internal str(‘ss(\s which have aheady 
beert referred to (see page 164). An ol)je(!t Avhioh has acq>*ired its 
shape*through cold-^\■()rk, although to outward appearance stable 


^ Coin[)aro the vii'ws of (I. 'ranumiiin, Zril.srh. Ahoiti. Vhvm. 113 (1920), 
175, 170. , 

" C. Cha[)ell, ,/. Iron iSled Inst. 89 (lt)M), 489 -491. II. M. Howe, Trans. 
Aimr. Inst. Min. l^Jng. 56 (19M) 17), 580 .587. H. II. SIkmi-v, Trans, faraday 
12 (1910 47), 285. ' • 

C. J. Hmithells, J. Inst. Md. 27 (1922), 107. '• > 

■' C. L). Beiigough anti O. F. Hiidsoii, J. Imst, Md. 1 (1909), 89 ; F. C. 
Thompson, Trans. Faraday Soc, 12 (1917), 30. 
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enough, i.s,intUallV in a state of strcssA In a oold-drawn l,n 
for instance, the outside^layer is hi a state of tension and tlio centra 

IV 44 “'Vh ^ T"" ‘’TP’’''’’**""’ suggested, /ancifully, i, 

shrink, the forces balance one another ; obviously, aiso tlie stresse 
are in every part less than the “ n.axiinn.n Lss •> Jvch til: 
nuter,nl can wjthstand. But a very litlie extr;i stretching forci 

ta knZ' ii rM“"r ‘'Zzzz'iZm” 

wh eh'has i t ei''' ‘‘"'■‘■"■"‘''U ug***'!. such as annnonia, 

e nm e ee t T "‘a"" material, may 

u nnK ice to oat away the metal at the boundaries of the Mains 

llu- internal tens.onal stresses aid the action by pulling apartX' 

grains w herev^er the inter-granu- 
lar cement has been removed, 
thus opening the cracks between 
the grains and allowing the 
corrosive agent to penetrate 
farther. In this ufiy the phe- 
nomenon of season. cracking 
referred to in the last duipter 
-may occur. 

Evidently, therefore, the in- 
ternal stressfks (iue t(.) colcl-work 
must be remoi ed by annealing, 
before any article can be looked 
upon as trustworthy. The tem- 
perature eho,sen must be high 
enough to accomjili.sh this ; but 
I'll "mluly high temperature is 
to lie avoideil. 
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44. -Internal Stress(\s in a 
(.'old -drawn Hai-. 


. .since it may 
eoarsenes.s of grain ; a high tem- 
of hiirning ” that 


lead in .some cases to undue 

])erature also involves danger tn mirninfr th..f •. -i r- 
of the material, accompanied sometimes by parti'd 
of a volatile constitnont liL-. .a... V vaporization 


1.1 «,m'. . 1 . 0,0 tl,o„“'ir,„'T'' "" 

..n.p«..u.. 0,,,,. Zrr'sS'C t 

.imighlo, .nd II, „ ,o„H ^ 

(19lk til p!’ 45, w ..'■’l.tiil.ui '1.5 5'o.oor,, 

2a<l«19), 67 ; W. tf tfatfie ,l' "r™ . ‘ '■ ''' ''"'kell. J- Inst. Met. 

ind S. BeclVnsale, ./ Inst lui 23 i./ %■, ?, Moore 
3. Beckinsale'and C. E. ft Moore, 
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already been explained* this may, lo^g ^afterwards, ’lea^l# to inter- 
granular crafking A ^ , 

Finally, it should be pointed out that the annealing of i»on and 
steel may have a ♦bird object, narpely, to “ refine ” a ciiarse struc- 
tyre. This reffning is possible in those metals and alloys which 
undergo allotropic changes at high temperatures ; in the ease of 
iron, there is a complete crystallographic rearrangement df the 
atoms, *when it is heatftd above a certain temperature, which* is 
about 900° C. in pure iron, and rather lower in iron containing 
carbon. All traces of the structure present at ordinary tem- 
peratures can thus be removed, and by cooling from this high 
temperature, a finer structure may oftim Jje obtained than was 
present before the annealing. (Vmsecpiently for iron and steel 
the connection between grain -size ^and annealing conditions differs 
considerably from that existing in the majority of metals. 

Summary. Any metal, whei^ stressed beyond the “ yield- 
point,” sailers permanent deformation. Sometimes this is caused 
by some portions of the grains sliding over the other portions along 
gliding-])l%nes,” a gliding-plane being usually a possible cleavilge- 
plane ; sometimes, especially in the case of local eornpressionai 
stresses, deformation oceiirs by twinning ” ; sometimes again 
it appears to occur by gradual distortion of the space-lattice as a 
whole, if stressed beyond the ‘‘ maximum stress,” the metal 
thins out .it a point and fractures. " Ductile^ " metals are able 
to suffer considerabl(‘ elongation before they fracture, ductility 
being determined by the power to forju gliding-planes readily ; 
metals, which cannot accommodate themselves to sudden stresses 
by gliding, and which therefore fracture* readily upon shock, are 
said to be “•brittle.” Coarse-grained metal is more likely to fail 
in this way than fine-grained, and is normally less strong, although, 
at high temperatures, ,>i[;e fine-grained metal, containing more 
inter-granular amorphous material, is the weaker of the two. 

Mechanical deformation at low temperatures (“ cold-w’ork ”) 
alters the properties of metals, usually rendering them stronger, 
harder, less ductile, less eojiductive, and more (chemically reactive. 
This'is usually ascribed to the formation of more (A’ less amfKphous 
materiS,! along the gliding- planes and at the grain-boundari(>a. 
The polishing of a metallic surface consists in smearing a varnish 
of “ amorphous ” metal over the whole, so as to fdl up, or bridge 
over, any minute depressions, and thus render tl?e surface smooth 
and glassy. 

When the cold- worked metal is annealed, it loses its ext^jca strength ^ 
and hardness, and regains ductility. In %lightly deformed metals, 

^ W. Rosenhain, J, Inst, Met. 22 (1919), 93, 9- QQ 
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growth (/fceriiiti of the^c^jisting grains Jakes place. Jn liighly 
(lefornied metal, recryt^^allizatioii starts from fresh centres in the 
amorphous material at the grain-boundaries or on the gliding- 
planes ; t|ie assumption that the amorphous or disordered) 
metal is equivalent to a glass, this is easily understood. In general 
the graiii-fi'ze of the annealer], metal will be coarsest w^here the 
deforibation hatr been least — assuming always that the tr'inperatun' 
is 'sutlieiently high and the time allowed sulheiently long *for the 
reerystallization from the nuclei to take place at all. In an un- 
equally strained piece of metal, tlie occurrence of a zone of large 
crystals at the border betwemi the unchanged and re(“r*ystallizerl 
portions is to be expecterl. 

Cold-worked articles, if not anneakai, retain inteiaial stresses 
which may cause unexpected f}^ilure when the articles have been 
in use for some time. 
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pyPOMETlIY AND COOLINC CURVED 

Whilst iiuich direct information regarding the structure of metals 
and alloys is obtained from the study of micro-sections, an equally 
valuable if less direiq— mc'thod f)f investigation has still to be 
described. It is based uj)on variations in the speed at which tlu' 
temperatu^’e falls when a |)ieee of Jmt metal is allowed to radiate 
away heat at a uniform rate. In the case of sijuple metals, the 
method is used mainly for the determination of the melting-])oint. 
although it# occasionally gives information regarding chaiiges 
which occur in the solid state ; but when we turn to the study of 
alloys, we shall find that the information provided by the “ cool- 
ing-curve ” method- as it is called- is, in many cases, the found- 
ation of most of oui' e.xact knowledge regarding th(‘ constitution 
of the materials unrler consideration. 

The 'riiernio -electric Pyrometer. The first necessity is 
clearly some form of temperature measurer, or “ pyrometer/* 
which can be used at high ranges over which th(' mercury thermo- 
meter' is not available. The simplest and most coirvcmient form of 
pyrometer is tlu' thermo-couple, tlu' ])rincipl(‘ of which has already 
been explained in the introduction (page 15). ^bhe essential 
part of a couple consists of two wires of diiferent metals welded or 
twisted togethei' at the ends. Tor accurate work, one should be of 
]datinum, and the other an alloy of ])latinum with 10 per ctmt. 
of rhodium. Whert' a very high degree of accuracy is not needed, 
it is'gentu'ally unnecessary to employ thest^ ex]]^Misive materials, 
sinc(; ^ase-metal couples give quite good ivsiilts, so long avS 
they are. not used at too high a temperature.^ The following 
l)airs of metals have' been recommended by (Jillerent authorities 
and ar<‘ in soim* <^ases used in commercially prepan'd thermo- 
couples. 

^ ' Sec C. Jt. J)MrJiiig, Tmns. Famdaij 13 (1918), 344 ; O.'l.. Kowalkc. j 
Trans. Anirr. Flectrochem. Soc. 24 (1913), 377 ; W, Rosciihaiii, " liilroductiou 
to Physical Metallurgy " (Coivstablo) (1914 edition), p. 80. 
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Nickel : < II , ,v Nicktl-chromium alloy. 

Nickel containing little iron : Iron containing little nickel. 

NickeU^ontaining„a little aluminium : Nickel containing a little iron. 
Iron : “ Constantin ” (60 per cent. 

copper, 40 per cent, chrp- 
, ^ inium). 

Copp 6 r : « “ Constantan/’ 

For use at very high temperatures, a tungsten-molybdenum couple 
has been advocated A i 

Whichever pair of metals is chosen, the two wires are welded 
together, or tightly twisted together, at their ends, 
and a thin sleeve, consisting of a quartz tube, is 
slipped over one wire to prevent them from coming 
into contact at bther points (Fig. 45). The two 
wires are then surrounded by an f)utei- tube of 
(juartz or fire-cla;f. '.rhe outer tulx^ iiiu.^t be stout 
(Miough to withstand any hard usage which it may 
ri'ceive ; but for “ cooling-curve ” work in the 
laboratory, it should not be made ftiimeessarily 
thick, since any considerable addition to the thick- 
ness involves a difference between the temperature 
of the metallic junction and that of the metal speci- 
men whose temperature it is desired to measure. 

For the same reason the pyrometer must be placed 
in close contact with the specimen ; if a solid m(;tal 
is to be examined, a hole should be bored, if pos- 
sible, in it, and the end of the pyrometer tube in- 
serted (Jj) (Fig. 46). The upper ends of the two 
wires, and Mg, carefully kept apart from each 
other, pass to tluj cold junction, or more correctly 
the cold junctions (J^ aiu^ dj), where each of them 
is brought into contact with a copper wire ; the two co])per wires 
(Cl and C 2 ) ])ass on to a high resistance milli-voltmeter. The 
cold junctions are usually maintained at a constant temperature 
by being placed in a water bath, kept at 15"^ or at 0'^ C. 

In tfie arrangement just described there are really three junctions, 
namely 

(Hot) Jimctipn, Ji, in the pyjometer, between the two 
chosen metals M, and Mo. 

(Cold) Junction, J, between M, and the copper- wire Cj. 
(Coldj Junction, J 3 , between Mj and the copper wire CL. 

^ E. F. Northrup, Met. Cht.m. Eng. 11 (1913), 45. See, however, discussion 
on pages 66-67. 
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It will be obvious that if all the three junctions,^ Ji,^J a and 
are at the same temperature, no^currcnt can be produced ; the 
algebraic sum of the three P.il.s is evideihly zero. If, however, 
Jj is hotter than Jfj and d 3, the P.D.s no longer balance oiiLe another, 
and the E.M.F. produced is indicated by the milli- W^tmeter (G), 
the deflection of which will serve to measure the temperature of Jj, 
The instrumei'ft, m,ay be calilirated by placing the pyromatei' in 
varioiif? baths the temperature of which is known. A good way. of 
(!arrying out the calibration is to immerse the pyrometer in a molten 
metal the melting-poin' of wliich is known ; th(‘ metal is allowed 


O 



to cool, and the deflection is noted whilst the jnetal is solidifying. 
The^ame operation is carried out for various othej metals of known 
melting-point, and a curvi^ showing the connection between the 
temperatures and the leading of tin; milli-voltmeter can then be 
plotted. 

In taking a cooling-curve it is sometimes possible to use a self- 
recording milli-voltmeter ^ ; in modern types of recording instru- 
ments, a stylus attached to the moving coil makes a trace upon a 

^ See 0. R. Darling, Tracis. Famdfty Soc. 10 (1914), 1:19; V,. K. Burguns,^ 
Ekoirochnn. hid. 6 (1908), 1100. 
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chart m 9 unteil on a slowly revolving drvini (D). The trace will 
afterwards constitute a 'diagivV'n showitig the variation of tem- 
perature with time. Unfortunately the E.M.K. provided by the 
therino-copple is not suflicient to drag an oij^dinary ink stylus 
across the j/ajer, if the stylus is kept constantly in tontact with the 
latter. The moving coil, therefore, is provided with a stylus, 
which normally swings just clehr of the surface of' the pa|)er, and is 
tli/>refore able to take' uj) its position without l)eing iuiprMed by 
friction. The apparatus, however, is provided with a bar (gener- 
ally actuated by the same clockwork as Curus the dr\im) which 
periodically presses the stylus on to the paper, thus making a dot. 
The series of dots produced on the chart blend to form a curve 
showing the relations between time and temperature. 

The method of measuring the U.jVI.F, generated by a thermo- 
couple directly by means of a inftli-\'oltmeter is not wliolly free from 
objection. Unless the resistance of the instrument is very high, 
an in^certain part of tlu' J^.J). wdll fall over the wires of blie thermo- 
couple and the connecting leads. Furthermore if the scale of the 
milli- voltmeter has to represent a range of temperatures from 0'^ C. 
up to, say, 1200^^0., it will clearly be impossible t'(^ read tem- 
peratures with a great degree of accuracy. For accurate reading 
various elaborations have been introduced.’ If the E.M.F. pro- 
vided by the thermo-couple is opposed by a slightly smaller E.M.F, 
of known magnitude which remains lixed during the measure- 
ments, the small residual E.M.F. of the combination can be measured 
on a milli- volt meter of greater sensitiveness ; the scale of this 
.sensitive milli-voltineter now represents a limited range of tem- 
perature only (e.g. 1,100° to 1,200° C.) and the temperatui'(^ can be 
read with greater accuracy. The known E.]\i.F. needed to balance 
the greater part of the E.M.F. of the thermo-couple is only a fraction 
of a volt ; it could be provided by inserting a specially designed 
standard cell in the circuit between tldi thermo-couple and the 
milli-voltraeter, but in practice it is more conveniently provided 
by means of the instrument known as the “ potentiometer,” which 
will be described in Chapter Vlll. 

It is possible to measure the E.M.F. provided by the thermo- 
couple ’by means of the “ potentiometer ” alone, no miUi- voltmeter 
being employed, according to the method of “ balance ” described 
in Chapter VIII. This method, although very accurate, is incon- 
veniently slow for use when a quickly cooling specimen is being 
tested. 

- * A. Phil. Mag. 46 (1898), .59; N. S. Kurnakow, Zeitsch. Anorg. 

Chem. 42 (1904), 184; F, C. H. Carpenter and B. F. E. Keeling, J. Iron 
Steel J?ist. 65 (1904), 220 ; W. i\ White, Phy.s. liev. 26 (1907), :)34. 
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The Resistance Psrometer. Other forms oi pyrometers, 
based upon ^priticiplcs dilferent fitan'tilat of the thermo-couple! 
have been designed. (.)no of these is basei upon the variation of 
th(! resistance of| platinum with the ternperatuie. recording 
instrument wofking uj)on this pVinoiple has been 'designed for 
giving a continuous chart of the variations of temperature witli 
time, and has btvn msed for some (if the best, researches ipxm tlu' 
of alloys.^ Jt is, '* 


Jiowovor, rat her iiioro oompli- 
C)at(‘(l tliaii the t}i(‘riiio%‘lectnc 
])yrojiiet(‘r. 

Furnace for Cooling 
Curves. 'I’lie typo of fiiniaoo 
siiilahlf' for tho preparation oF 
oooiing oiirvos must fulfil two 
conditions. Firstly, it must 
bo capalfl(‘ of heating tfio 
sj)ecimen to the highest t(‘m- 
poj ature r o q u i r e d, a n d 
si'condly, if must allow tin* 
s])ocimon to cool at a moder- 
ately constaiit rate. Properly 
designed gas-tired furnaces 
(^‘ln he m.ule to yield good 
results if the range of tem- 
])ei'ature recpiired is iiot too 
high. But ek'etrieally heated 
Inrnaces are more suitable for 
the work, and a lorm recently 
designi'd at the National 
Physical Laboratory - may he 
referred to specially, bemuse 
it is probably the ty])e of fur- 
nace which best fulfils tlic re- 
quired conditions. Tho furnace 
(Fig.*47) consists of a vertical 
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fireclay tube about 2 ft. 6 in. long ; at tho top end only, nickel- 
chromium wire is wound round it for a length of about (i inches. 
Iho outside of the whole is then surrounded a heat-insulating 
material, preferably magnesia, to reduce the rate^at which heat is 
radiated away ; the lower end is surrounded by a water jacket. 

When a strong current of electricity is passed tlirough the nick?!- 

- f;; '-1'* Hoycock amf F, H. Neville, Tram. Ghem. Soc. 1(U) * 

■ VV. Kosenhain, ,/. Jmt. Met. 13 (1915), 1^4. 
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chromiu^i^ wii*p, the wire becomes intensely hot. The temperature 
of the furnace at the up^er*(hcK) end reaches about 1,000°, whilst 
that of the loAvor (cold) end is below 200°, the central part of the 
furnace b^njr of course at intermediate temper ij.tures. The speci- 
men to be te?<ted is placed, together with the thermo-couple, in a 
small crucible which is suspended by wire, and which can \)e 
lowered to any point in the fi\rnace according to the temperature 
desired. The specimen has first to b(‘ hoated, for which purpose 
it is kept at the hot end. When the necessary temperatm’e is 
reached, it is lowered so as to allow cooling to commence. If it is 
desired that the cooling shall be rapid, it is lowered far into the 
furnace ; if slow cooling is aimed at, it is kept at a comparatively 
high level. Thus any desired rate of cooling can bo obtained at 
will. If, however, the specimen is kept at the same place through- 
out the period of cooling, the Vate will not be uniform ; for the 
specimen whilst very hot will loose heat quickly, but, as it comes 
to a temperature nearer to thAt of the walls immediak'ly around 
it, it will radiate away heat at a lower rate. To obtain uniform 
cooling, therefore, arrangements are made for the (iruciblo to be 
gradually lowered, as it cools, at a constant speed, ‘towards the 
colder end. This refinement adds somewhat to the complexity 
of the apparatus, but even without it the furnace would be of 
great value for the obtaining of cooling curves.^ 

Comparison of Cooling Curves, 'fhe trace made by the 
recording milli-voltmeter as the metal specimen (iools shows the 
variation of temperature with time, and constitutes a cooling- 
curve ; if a recording instrument is not used, the observer takes 
readings of the temperature at intervals during the cooling and 
plots the temperature against the time. Assuming the rate of 
cooling has been perfectly uniform, the trace will be a straight 
line, as shown in curve A (Fig. 48) ; but, unless the special devices 
mentioned above is available, the cooling will usually become 
slower as the temperature drops, causing the trace to be slightly 
concave, as is shown in curve B. 

Supposing, now, that we start with a metal in the molten con- 
dition curve C), As it loses heat the temperature drops normally 
until the freezing-point is reached, and solid begins to appeal-. The 
process of crystallization of the metal causes an evolution of heat, 
and thus for a time supplies as much heat as is lost by radiation. 
As long as any liquid remains, the temperature must remain at the 

melting-point, which is, of course, the only temperature at which 

# 

f 

^ Another device for obtaining a constant rate of Jieat-rnnnoval is described 
by W. Plato, Zeitsch. Phys. Chem. 55 (1906), 721. 
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solid and liquid can co*exist. When^aU the metal* ha% solidified, 
however, the temperature commences to drop^again. 

It is evident that, during a change such Is freezing, an “ iirrest ” 
in the cooling wiJf occur, and 'that by observing where* this arrest 
occurs on the'cm've, the melting-point may be determined. It 
should, however, be noticed that the metal is often cgoled down 
some little way below the melting-point before soiidificatioir com- 
mences^; tins phenomefnon of “super-cooling,” which has ba?n 
mentioned in the first chapter, is most marked when the rate of 
cooling is rapid, as in curve 1). As soon as freezing begins, how- 
ever, the temperature rises at once to tlie true melting-point, owing 



Fig. 48. 

to the evolution of lieat due to solidification, and remains there 
until practically all the liguid has disappeared. 

Sometimes the cooling-curve indicates other transformations 
taking place in the solid metal at temperatures below the melting- 
point. Curve E is a diagrammatic representation of a cooling- 
curve of pure iron, and shows three arrests. The highest of them 
(at 1,Y)30° C.) corresponds to the melting-point of ton ; ther'others 
(at aboTit 889° and 768°) indicate some change in the solid state. ^ 

It is considered that the iron at temperatures above 889° exists 
in a modification known as y-iron, which is crystallographicaUy 
different from the modification, a-iron, which we iJnow at ordinary 

^ The values here quoted are taken from a paper by G. K. Burgess aifd 
J. J. Crowe, Trans. Amer. Inst. Min. Eng. 47 (1913), 666, and reSer to values • 
actually obtained on a cooling-curve ; they do n§t represent the equilibrium 
transformation points. 

M.O.— VOL. I. 



194 


METALS ah:6 metallic compounds 

temperatMres. a- and y*iron are sSiid te be allotropic modi- 
fications ” of iron, or simply “ ^'llotropes^” ; in a-iron the atoms 
are arranged on a ccntud cubic space-lattice, whilst in y-iron they 
arc arranged pn a face-centred cubic lattice.^ ** 

The evolution of Iieat which causes the arrest a'?, about 889® is 
believed to be due to the allotropic change ” (the conversion of 
y-iron into a-irc'u), which is evidently an exotherihic process. The 
anest at 7G8® is of a different character, and is thought to "be due 
to the acfpiisition of ferro-magnetic properties which is known to 
take place at that temperature. The change differs in man^ ways 
from that at 889®, and is not generally regarded as an allotropic 
change. The matter will be discussed more fully in the section 
upon iron (Vol. Ill), but it may at once be stated that those who 
regard the change at 768° as allotropic, apply the name /f-iron 
to the variety which exists between 768° and 889°, retaining that 
(»f a-iron for the magnetic^ form which exists from 768° down to 
oi’dinary temperatures. 

Other Modes of Expression of Cooling Curves. Unless 
tlic milli-voltmetcr attached to the pyrometer is a sylf-recording 
instrument, the deflection is recorded by the observer at regular 
intervals of time during the cooling. From the observations 
recorded it is easy to plot a cooling curve of the type represented 
by curve E showing the relation of temperature to time. It is 
perhaps rather more effective to use the same data to plot an 

inverse-rate curve,” like curve F, which shows the arrests more 
clearly. In an inverse-rate curve,” the ordinates represent the 
temperature, and the abscissae indicate the time taken to fall from 
that temperature to a temperature 1° C, below it ; the arrest points 
are, of (course, indicated by the sharp apices pointing towards the 
right. 

“ Differential ” Method of detect/ ng Transformations in 
Solid Bodies. One u.si'ful method of detecting a transformation 
in a cooling metal, which is practically independent of chance 
variations ” in the rate of loss of heat caused by external influences, 
is known as the differential method. The metal specimen under 
examiiiation is placed in the furnace, and close to it is placed a 
specimen of some standard material which is known to undergo 
no transformations within the range of temperature in question ; 
nickel and platinum have both been used for this purpose. In 
addition to the thermo-couple designed to measure the temperature 
ef the specimen under examination, two other thermo-couples 
joined in vjcries are inserted in the two specimens and are connected 


^ A. WcHtgren, .7. Iron Steel Inst. 103 (1921), .‘{0.3. 
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to a separate inilli-voltmetei- so as to indicate tSe (J^fference of 
temperature between the specinn^/ under cxainination and the 
standard material. If the size of tlie staiillard l;as been cprrectly 
chosen, the two specimens should cool a])])roximateJy the same 
rate, and the flifference of tem|an’ature will be very*small. But 
when the temperatui'e corresponding to an exothermic change in 
the first specimen is reached, the temperature o[ that specimen 
ceases •!() fall ; since the temperature of the standard matepial 
continues to fall, the difference of temperature between the two 
suddenly becomes considerable, and the sudden increase in the 
n^adijig of the milli-voltnieter indicates very clearly that a trans- 
formation in the specimen is taking place.* However, in view of 
the recent improvements in furnace design, which render the rate 
of loss of h('at of cooling specimens practically independent of 
exU'rnal inffiK'iices, the differentiaf method is likely to become less 
important in th(' future than it has been in the past. 

Heatinli Curves. If, in.stead of allowing the specimen to cool 
down steadily, w(‘ conunence with the sp(‘cimen cold and supply 
it. with lu'at^at a uniform rat(*, noting the ris(' of temperature \¥ith 
the tim(‘, a heating curve ” is produced. If properly obtained 
a heating curve givi's as much information as a cooling curve. 
With a cru(k‘ furnace it is dillicult to ensure that heat is added at a 
steady ran ; but, with the foj’in of electric furnac(^ descril)ed above, 
th(‘re is no l•{‘as()ll why perfect conhdenc(‘ should not be placed 
upon the heating curve; obtained. - 

When a substance is heated, the various transformations which 
were noted on cooling occui* again, but in the o})posite direction 
and usually at a rather liiglKU’ temperature. When pure iron is 
heated, for instance, it {ir.st of all loses its fen’o- magnetism at about 
7()8'’C., tlien becomes conv(‘rted to the allotroj)e y-iron somewhat 
above 909^, and finally melts at 1,5:19 <‘ach of these changes is 
shown by an arrest on the heating ciirvt‘ (curvt' C). Since the 
temperatures at which the various airests t)ccui’ on heating are not 
always the same as those at w-hich they occur on (tooling, it is neces- 
sary to distinguish between the arrest on cooling,” represented 
by the letters Ar (“ Arret refroidissevmit ”) and •the “ arr*.\st on 
heating^’ represented by the letters Ac (“ Jrre/ rhaiiffage^'). In 
the case of iron, the exact temperatures of the arrests corresponding 
to the disappearance and reappearance of y-iron are written Ar^ 
and Acj, whilst those corresponding to the appharance and dis- 

* For further developments of this method, seo S. L. Hoyt, “ MelalIof;raphy*” 
(McGraw-Hill), Vol. I, pages 154-158 (1920 edition). • 

For comparison between cooling curves heating curves, see L. I. 
Hana and P. J). Foote, Trans. Faraday Soc. 15 (1920), hi. 189. 
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appearait\e of ferro-mag^netisra, ar 6 wTitten Ai ’2 and Ac 3 . At 
ordinary rates of heating or ci'dling Aco^'and Ar^ are quite close 
togeth^, and, at an “ infinitely slow ” rate of heating, the change 
appears tG< accur at a temperature indepcndeil^ of the direction 
of the transformation. Thus * 

* Ar.> - Ac, - 708“ C. 

Op the otlier liand, tlie temperature of t[io A;; change inwiahly 
depends greatly on the direction in whi(;h it is proceeding. Ac.t 
generally lies well above Ar^, although 1 )^' using very pure iron 
(free from carbon and from occluded gases) and by employing a 
very low rate of heating and cooling, Ac 3 and Ai-g can be brought 
close together. But, even if the rate of alteration of temperaturi* 
is made extremely small, and all factors which could cause the 
transformation to “ lag ” are removed, Ac 3 still lies about 11“ above 
Av^. The values ^ calculated for pure iron at an “ infinitely slow^ 
rate ” of heating or cooling, ore 

Ac 3 - 1)00“ ; Ar 3 =- 898°. 

Summary. A cooling curve,” showing the^ connection 
between temperature and time in a metal which is ladiating away 
heat at constant rate, gives valuable information regarding melting- 
point and allotropic changes ; an arrest observed at any tem- 
perature indicates an exothermic change occurring at that point. 
The temperature is generally measured with a thermo-couple, 
base-metal couples being now considered reliable for low’ tem- 
peratures. The furnace should be designed in such a way as to 
render the rate of loss of Jieat as uniform as possible. In a reliable 
furnace, “ heating curves ” showing the relation between time and 
temperature during the heating up of a specimen^ give equally 
valuable information. 

The cooling curve of iron show^s three ” arrests ” : the highest 
indicate.s the solidification, the seconh (Ar.,) the disappearance 
of y-iron, and the lowest (Ar.,) the appearance of ferro-magnetism. 
The heating curve of iron, show’s similar arrests in the opposite 
order ; but whilst the arrest Ac. indicating the loss of magnetism 
occur.\ at the s^jme temperature as Arg, the arrest At 3 , indicating 
the return of y-iron, occurs at a point well above Ara. However; 
in pure iron, Ac 3 and Ar^ approach one another when the rate of 
heating and coolirig is made very small. 

• 

* According to (J. K. BurgoHH and J. J. Crowe, Tram. Amer. Inst. Min. 
Eng. 47 (1913), 005. 
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THE STRUCTURE OF ALLOYS 

Classes of Alloys. When two molten metals arc brought 
tog(‘ther ill a vessel, they may form two immiscible layers— as 
ill the case of lead and ziiu;- or tlf(‘y may mix together to form a 
single homogeneous liquid, 'the latter state of affairs is, however, 
most com 1 . 11011 , and for the purpose' (<f this cihapter, most important ; 
for it is usually by the cooling down of a homogeneous liquid con- 
taining more than one metal that a solid “ alloy ” is produced. 
In order to .Simplify the treatment of the subject, only alloys con- 
taining two nietals (’' binary alloys ”) will be considered at present. 

It does not folhnv that because the fluid mixture is homogeneous, 
th('. alloy produced will also be homogeneous. For most pairs of 
metals'- wliilst conqilctely miscible in the liquid state- will not lie 
completely miscible in the crystalline state. It is convenient to 
consider separately the classes of alloys produced when the metals 
are 

(1) completely immisvihlv in the crystalline state, 

(2) (annplebdy forming a range of rniml of all 

possible compositions, 

(II) partially 'miscibk, forming mix('d (‘rystals within cei'tain 
limits of com]t)sition. 

'two mor(' possibilities must be added, in wlikdi 

(4) one or more inier-mdallk amvpoinids of definite compositi{)n 
are produced, 

and (r>) inler-metallic compounds are formed which are ca])able of 
• holding excess of one or both constituent metals in solid 
solution. 

The terms “solid solution” and “ mixed crystal ” have come to 
be synonymous ; sonu^ metallograplu'rs use one lerm, and some 
the otlu'r. In alloys of Class 5, when^ our knowledgi^ of the crystal- 
structure is very scanty, tlu^ vaguer b'rm “ solid solution ” is 
perhaps preferable. ^ 

The first class, although in many ways the simplest, is compara- 
197 • 
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tively ^a^^fy met with. Goncra^Jy the metals arc capable of crystal- 
lizing together either as mixed crystals (Classes 2 and 3) or intcr- 
metalli^^ compounds (Casses 4 and 5). ^ 

If the tw^fvetals forming the alloy arc alike, mix(;d crystals ^ are 
usually produced in wliich the two metals play the same role in the 
crystal-strncture. For instanoe, the “ transitioii metals ” of the 
periodic classifi^^ation, and the metals of the Griaips VIIa ^nd Ib 
on either side, possess many jiroperties in common. Flu‘ salts of 
these metals are frerpiently isomorphoiis ; ^lat is to say, the atom 
of one metal can re])lace that of another in the crystal structure 
of the salt. It. is not surprising that the same power applies to 
the crystal-structure of the elements themselves. Silver and gold, 
which fall in the same group of the periodic table, can form a com- 
plete series of mixed crystals, iranging from ])ure silver to ])ure 
gold ; silver-gold alloys are assigned th(*refore to Class 2. Evi- 
dentl^% the atoms of the two jnetals [day the same part iu the 
crystal-structure. 

How'cver, com])lcte miscibility iu the crystalline states is not 
ahl^ays met with. Copper and silver ludong to thefsamo group 
of the periodic tal)le ; they both form crystals in which the atoms 
are arranged on a face-centred cubic lattice. NeviTtheless, al- 
though, in crystalline silver, a certain number of silver atoms can 
be replaced by atoms of (topper, yet the miscibility in the solid 
state ceases when tin* mixed crystals contain about b p(‘r cent, 
of copper.- Silver-copper alloys are therefore assigmal to Class 3. 

Wliiht a pair oj like mcfalH generalh/ form mixed erydah in which 
both play the same part in tint crystal-structure, a pair oj melals 
which are dissimilar in eharaeler not infreguenlly combine together 
to form an inter-metallic compound in which each element plays a 
distinct role in tlie crystal-structure. Inter-metallic compounds 
are rarely if ever -formed between t^y> metals belonging to the 
same group of the periodic table (as arranged in this book). In 
many cases, the compound formed possesses a constant com- 
position which can be expres.sed liy a simple atomic formula, such 
as Mg.,Pb ; the existence of crystals containing both lead and 
magnesium is only possible if the compijnent atoms are ])Vesent 
in the definite ratio (1:2) indicated by the formula, and Mloys of 
lead and magnesium are therefore assigned to Class 4. 

In other cases, -the composition of the crystals containing two 

I Tho factors which ilct(‘rmino the fornmtiou of mixed cryslals and of 
'-i#lid solutions arc discussed by N. S. Kuruakow and S. b. /<;nu‘/ia"/ny, 
ZcM,. Anpm. ('}»’, n. 54 (H)U7)/l4a. See also I. Lau^mmir, ./. Amn\ Vhcni. 

Sne. 38 (19bi), 2242. , . i • 

■2 A possible cause of lAiiited solubility is suggested by W . lloseuluim, 

Froc. Roy, Soc. 99 [Aj (1921), 198, 199. 
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metals can vary witliin eertairi limits, ^he series of crystals* produced 
Jiaving, the^’cfore, much in comr^ion with the mixed crystals” 
of Class 3. For instance, in the alloys if gold and magnesium 
there is one series^ of mixed crystals which may contain •magnesium 
fljboms and gold atoms in any ratio between 1 ; l-8*and 1 : 0-7 ; 
many of the properties of the crystals Amry continuqjisly as the 
composition alters. But it is found that the melting-point* of the 
mixed crystals is a maximum Avhen the magnesium and gold abfms 
are present in ecpial numbers. This fact suggests that crystals 
having the composition corresponding to the simple formula AuMg 
possess a maximum stability — since they can withstand the highest 
temperature without melting. It is tlu'refore rational to regard 
the crystals of lower melting-points which contain more gold or more 
magm^sium than corresponds to that simple' formula, as h'ss pure 
forms of the saeno compound ; they can be described as mixed 
crystals of the compound AuMg and one of the component metals. 
Such ca5es are referred to Class 5 . There are, lioAvever,*many 
series of composite crystals knoAvn which it is ditlieiilt to regard 
as being dejpived from any definite compound and, in view of, the 
uiK'ertainty of the ])osition, it is convenient to speak of these 
crystals vaguely as “solid solutions,” no opinion being expressed 
regarding the nature either of the soh^ent or of the solute. 

A fcAV examples of well authenticated inter-metallic compounds 


are give n 

below^ ^ ; 



MgoCu 

Zn3Cu2 

CdyCll^ 

Al.,< :n 




A\Cu 




AlCu , 


Zll;, Ag._. 

('(t.Ag. 

.\l.\g, 




AIAg, 

M^<:,A!i 


( (1 (All 


MgoAii 



At, An 

MgAd 

% 


AlAu,, 

MgjPb 




MgoSii 







* NjBiTlnBi 

Mg,Sb2 

Zn3Sb., 

Cd3Sb. 

NiSb Tl3Sb 


ZnSb “ 

CdSb 


It, Avill 

b(' noticed that 

thes(> formu 

la^ beai- ?io relation to the 

valencies 

of tin* (’omponent elements. 

('xc(‘pt wli('i‘(* one of the 

^ Taken 

i’l’OJ)! M. Guio. and V 

. (jiiia-Lolliiii, 

“ Clieinienl ComlMiation ninoir* 

Metals,” translntefl by G. W. ' 

Ilobinson (Clniri|liill) ; and fr< m C. K. DcKcb, 

“ Intor-metallic Compounds ” 

(bonpmans, 

Green A Co.). 
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compone^Ti^a happens to be arsenic, Antimony or bismuth ; in such 
cases the compounds n,\ust beVegarded as arsenides, antimonides 
or bisiputhides, j^nd tU^ three elements mentioned really play the 
parts of nr:)n<:metals. The failure of the laws (k valency in most 
inter- metalhc* compounds has ali-eady been referreM to in the ip- 
troduction,^ (page 31), and it is only necessary here to restate the 
opinion there expressed lhat the existence of this kind of body 
apparently depends on considerations of geometry rather Vhan of 
dynamics. 

It is now possible to study rather more closely a few simple 
examples of each of the five classes that have been enumerated. It 
must not be thought that every system of binary alloys can be 
referred definitely to one or other of these five elasses, for in many 
cases there is some special feature which renders the system slightly 
different from the simple examples here chosen. If, however, 
these simple cases are understood, the consideration of any more 
compTcated type of alloy which may be met with hereafter will 
present no great difficulty. 

Class 1. The metals are completely immisqible in the 
solid state, no mixed crystals being possible. 

An example is provided by the alloys of Gold and Thallium. ^ 

The melting-point of pure thallium is 302'' C. ; that is to say 
pure solid thallium is in equilibrium with pure liquid thallium at 
302°. If, however, the liquid is not pure thallium, but thallium 
diluted with gold, the melting-point is lowered by an amount 
depending on the concentration of gold ; the equilibrium tempera- 
tures of solid thallium in contact with liquid thallium containing 
various amounts of gold is shown by the curve AP (Fig. 49). 

Similarly, pure gold melts at 1,063°, but the melting-point is 
lowered by the presence of thallium in the liquid phase, as is shown 
by the curve BP. The two curves cut at 131°, which is evidently 
the lowest temperature at which a liquid mixture of gold and 
thallium is stable. This temperature of lowest melting-point 
is called the eutectic temperature, and the composition of the 
mixture corresponding to it (27 per cent, gold, 73 per cent, thallium) 
is calle^il the eutectic composition. 

Consider now what will happen if a molten mixture containing, 
say, 90 per cent, thallium and 10 per cent, gold is gradually cooled. 
When the temperature drops to 230°, the curve AP is cut (at the 
point K) and — Assuming there is no super-cooling — the crystal- 
lization of thallium will commence. But the separation of the first 

particles of pure solid thallium leaves the liquid richer in gold, 

« 

<. 

^ M. Levin, Zeitsch. Anorg. Ohem. 45 (1906), 31. 
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and therefore the temperature must fall farther liefote crystal- 
lization can ^continue. As the tllallTum crystal-growths extend 
therefore, the temperature continues to fall.Jthe connection between 
the temperature i!nd the composition of the portion wljich*is still 
lifluid being shown by the curve KP. At the cathctic point 
corresponding to a temperature of 1.31”, the melting-point curve 
of gold is also cut, and any further cooling would make the Jiqtiid 
super-cboled both to gold and thallium. At this temperatasc, 
therefore, gold and thalliiun solidify simultaneously to form a 
** mixture ” (often called simply, a “ eutectic **). 

Similarly a liquid mixture containing, say, 20 per cent, thallium, 



J^per cent, gold, will commence to deposit gold at the temperature 
, and the temperature will continue to fall as the bath becomes 
3hei; in thallium, until at last, at the eutectic temperature 131°, 

►Id aiftd thallium are deposited together. ‘ ^ 

If sections of the solidified alloys of different compositions be 
epared, the structure will be found to support the description 
the solidification ])rocess just given. Tlu. soRd. alloy containing 
per cent, thallium is found t<) consist of gn^y masses of pure 
a Hum embedded in a heterogeneous ground- mass which is tk* 
tectic; the eutectic, actually an intimate mixture gold and • 
ulium, has a golden hue, and appears^all the more bright by 
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contrast j^ith ihe grey., grains of pure*thalluim. On the other hand, 
alloys containing 80 pe» cenV gdkl consist of large primary yellow 
crystal^ of gold ^cmbcfded in the eutectic, which, in this case, 
appears bluish-green in colour by contrast with the large gold 
crystals ; if, however, the eutectic is examined wifn a moderately 
high power microscope, small particles of glittering gold can easily 
be'msde out vyithin it. 

•Since all thallium-gold alloys consist (essentially of a conglomerate 
of pure gold and pure thallium, the colour of the alloys, as viewed 
by the naked eye, varies gradually with tl^e composition, ranging 
from the l)rilliant yellow^ of the gold-rich alloys to the dull grey of 
thovse rich in thallium. 

If a liquid mixture having a composition close to that of tlui 
eutectic mixture (27 per cent, gold) is prepared, and is cooled down, 
the alloy fornua.l will consist almost entirely of the eutectic, the 
structure of which may vary somewhat from place to place accord- 
ing the separation of gold or thallium happens to tommcnce 
in any particular region an instant sooner than that of the other 
co^tituent. If there were no super-coohng, the two constituents 
should commence to crystallize simultaneously from different points. 
In practice, however, one constituent may commence to solidify 
a moment before the other, in which case the first solidified con- 
stituent may appear as a minute crystalline or dendritic growth 
embedded in the second constituent. For instance, we often find 
grains of gold surrounded by a ring of thallium, whilst in other 
places the thallium appears as the first crystallizing constituent. 

Eutectic mixtures occur in many alloys, and ^'ary considerably 
in character. In some eutectics, the two constituents appear to 
solidify alternately, forming Avavy, parallel lamella) ; this laminated 
structure is particularly characteristic of pearlite, the eutectoid ” 
constituent of steel, which differs only from a true eutectic in being 
formed after the whole steel has becom /solid. An example of the 
structure of a true eutectic is shown in plate D of the frontispiece. 

When a eutectic alloy is heated above the eutectic temperature, 
it melts once more to form the homogeneous liquid mixture. The 
formation of this liquid far below the melting-point of either (metal 
is very* striking, and indicates that each component of the complex 
acts, as it were, as a “ flux ” for the other. Eutectic mixtures are 
thus useful as easily fusible materials. 

Our knowledgi* of the equilibrium diagram of a system such as 
thallium-gold is actually based upon the study of the cooling-curves 
obtained when mixtures of various composition are prepared in the 
molten st/Tttf and are allowed to solidify slowly. A distinct slacken- 
ing in the rate at which* the temperature falls indicates clearly the 
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tcjn])eratare at which solidification, begins,. and froni results 
obtained witji alloys of different compositkfcis, it is possible to plot 
the freezing-point curves AP and BP. cooling-curve pf pure 
thallium (see Fig. 50) shows one ^long arrest at 302^ (\ That of 
th(> alloy containing 10 per cent, gold shows a diminished rate of 
cooling at the point where solidification commences, bijt the tem- 
perature continuQS to drop until the eutectic point is reached ; 
at the eutectic temperathre a definite arrest occurs. An alloy wkh 
20 per cent, gold give^ a yet longer arrest at the ('utectic point, 
whilst an alloy of the exact eutectic composition (27 per cent.) 
shows naturally a longer arrest still, since the solidifi(!ation of the 



Fk;. (Jni'vrs of ( Jold-tluilliom .Alloys (soiiirwIuU diuj^nimiuat ic). 

whole alloy occiu’s at that te?n))eraturc. If, howcAt'r. the gold 
contcMit is still further increased, the arrest at the laitectic point 
becomes shorter, until in the cooling-curve of pure gold, the only 
arrest occurs at l,0fi3‘\ all trace of the arrest at 131'^ having natur- 
ally vanished.^ • 

The duratioji of the aiTcst at. tlu‘ euU'ctic point, (annmonly known 
as the “ eutectic time,” is frecpiently used by metal lographists 
to find the exact coiuposition corresponding t<7 the (‘utectic point, 
the ju(‘thod being diu' to 'rammann. Th(‘ ikl'iixt an alloy is to the 
eutectic composition, the longer is the halt on the cooling-(‘UVve 
at the eutectic temperature'. If the eutectic times oi a number# 

^ Coiiipuro (j. Tmuinami, Zcitsch, Anonj. Chem, 37 (19U3), 303. 
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of differqu^t alloys be,, plotted .against tho composition, two lines 
(AP and BP) are obtained 51) which, if produced, will cut 
one another at a poinf P; the composition corresponding to P 
clearly indic^ites the exact eutectic compositioA’. 

The varidu^i lines of the equilibrium diagram (Pig. 49) divi(,le 
the diagram into areas, each of which is marked in such a way as to 
indicate the copiponents of the material existing under the condi- 
tiens represented by points in that area. For example, in‘Fig. 49 
the area PQYZ is marked “ gold + eutectic ” ; these three words, 
assigned to the area in question, embody a piece of information, 
which has already been given in the text, namely that, at tempera- 
tures below 131°, all alloys containing between 27 per cent, and 100 

Seconds 



per cent, gold consists of crystals of gold embedded in the eutectic 
mixture. Subsequent diagrams will be ^narked in the same way, 
and should be studied for information of this kind, which will not 
in every case be repeated in the text. 

Class 2. The metals are completely miscible in the solid 
state. Mixed crystals of all possible compositions are «met 
with. * * « 

An example is supplied by the alloys of nickel and copper.^ 
(Fig. .'52). 

Pure nickel me, Us at 1 ,452° : accordingly molUui nickel can de- 
posit solid Tiiekel when eoolisl below this lempeuatun'. ddie de- 

• 

I * N. iS. Ky/iiJikow aiul N. F. Znn(;y.u/.iiy, ZeiLsc/i. Anoiy. Chrni. 54 (UH)7), 
140. fSoe also^ W'. ( Juertlei- and G. Tunnnanri, Zcitsch. Anoty. Chvm. 52 
(1907), 2o. 
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position point is, however, lowbred by the presence oj coj^yer in the 
fused metal, as is shown lay the cutve ABfc.i Thus a molten nickel- 
copper mixture with 89 per cent, nickel Jwill *iiot commence to 
crystallize unless ^cooled to 1,411° C. At that poinjt}, ^separation 
cqmmences, bdl the solid depositecl is not in this ca^c'pure nickel 
but consists of a mixed crystal containing about 91 per cent, nickel, 
9 per cent, coppei;. The curve ADO shows the coi^iposition 4 of the 
solid substance w^hich is* in equilibrium at any particular tempeva- 
iure with the lirpiid mixture representcfl by the corresponding 



point on the curve ABC ; the curve ADC is known as the “ solidus,” 
and ABC as the liquid us.” Thus a liquid mixture with 89 per 
cent, nickel (point G) commences at 1,411° C. to deposit a solid 
with 91 per cent, nickel (point H), whilst a liquid with 40 per cent, 
nickel (point B) begins at 1,262° C. to deposit*a,8olid with 55 per 
cent, nickel (point D). It will be observed that the addition of 
nickel to molten copper raises the temperature at which solidifica- 
tion commences ; but this is not a real exception to ^he general 
rule that the freezing-point of a substanccis lowered by the addition 
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of a scc^jid Substance, becaiig(3 molten eopper containing nickel 
does not deposit pure ccmpe/; biVt always a mixed crystal containing 
nickel. f 

Consider ii,ow what will happen when a molteh mixture contain- 
ing 40 per t*dat. nickel, 00 per cent, copper is cooVed slowly. At 
1,262° C. (^point B) solidification will commence, nuclei of an alloy 
with 55 per cent. nick(‘l (point D) being deposited. This deposition 
leaves th(^ Ihpiid ricluu* in copper, and thus, as the temperature 
falls and solidification continues, the composition of the liquid 
changes in the way shown by the curve Bh^, whilst the composition 
of the solid being deposited cfiaiiges in the way shown by the curve 
1)E. If the cooling is sufficiently slow, the first deposited crystals, 
which had originally the conq^osition represented by the point D, 
will gradually iibsorb more copper, so that when the liquid has 
jT'ached the composition F— the solid separated will have the com- 
position E. This is the same composition as that of the original 
liqui(,l (B), and it follows that by the time the whole of the solid 
has come to have the composition E, the whole of the alloy must 
have passed into th(‘ solid condition. In fact, the ‘‘ solidus ” curve 
can be delined as the curve indicating the temperatures below 
which an alloy is wholly solid, just as the liquidiis ” indicates 
the temperatures above which it is wiiolly liquid.^ 

It is therefore apparent that so long as cooling is slow enough for 
the comparatively nickel-rich solid deposited in the early stages 
to absorb additional copper from the liquid as the temperature 
falls, the final result of the cooling will be a single homogeneous 
solid solution of the same composition as the liquid mixture em- 
ployed. The striu'ture of the uniform material thus obtained when 
viewed in section under the microscope will resemble that of a 
]jure metal, the same polygonal grains being observed. But it 
should b(‘ understood that the absorption of cop])er by the already 
solidified portions involves diffusion in^the solid state, and— even 
at such high temperatures-- diffusion in the solitl state is a very 
slow process. Consequently, unless the nickel-copper alloy is 
allowed to cool at a very slow rate, the first solidified portions 
are likely to remain richer in nick(d than the last solidified portions, 
and the sections will therefore not appear uniform when viewed 
under the microscope. Thus a quickly cooled nickel-copper alloy, 
etched with ferric chloride, or chromic acid, appears white at the 
points where soliditication commences, but dark in the parts which 
solidified last. The light portions are those most rich in nickel, 

^ The tw/> alternative methods of defining the solidus and liquidus eurvos 
are pointed out by C. T. Jffoycock and F. H. Neville, Phil. Trans. 202 (A| 
(1904), &-8. 
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and usually posses^ a dendritic structure, ,the dark copper-rich 
portion filling in the spaces betwceif the^fron jl^ («oe Fig. E of frontis- 
piece). The contrast is so sharp that it^ is scarcely surprising 
that one of the earlier investigators at lirst thought tjiat the alloy 
w^s made up ^^f two essentially distinct ])arts. Ho\v\‘ver, other 
etching agents, for instance nitric acid, produce results which show 
a gradual passage? from the nickel-rich centres into |hc copper-rich 
fringes* ^ » 

Any nickel-copper alloy, however quickly it may have been 
cooled, becomes homogeneous and uniform if annealed for some 
time at 800 -1,000'' 0. ; whatever etching agent is employed after 
such treatment, the metal appears uniform and shows tlie ordinary 
granular structure similar to that of a pure metal. This shows that 
nickel and copper are mutually soluble in the solid state in all 
])roportions. The remarkable coiitrast between tlie cohmI den- 
(Iritic structure of the copper-nickel alloy “ as cast,” and the 
granular structure obtained upon annealing is well shown by, Figs. 
E and F of the frontispiece.^ But even a very long annealing 
may not entirely remove all vestiges of dendritic striKdim' ; it is 
]3rol)al)le that the black dots, .seen in Fig. F, which are almost 
invariably met with in annealed specimens of this alloy, repre- 
sent fragments of the. copper-rich zone, which have escaped 
assimilation.- 

8ince an aimealed nickel-cop]>er alloy consists of a single solid 
solution, it is im])ossible, on a priori grounds, to advance any views 
as to the probable colour of the various alloys. Actually it is found 
that a small quantity of nickel notably weakens the red colour of 
cop])er, and that alloys containing more than 25 per cent, of nickel 
are practically white. 

Before we leave the subject of nick('l-co})per alloys, it shovdd l)(‘ 
stated that the solid solutions rich in nickel, undergo a furthei* 
modification, marked by ^he appcrirance of magnetic ])roperties, 
whe*i cooled to com])aratively low temperatures (e.g. 20" C. for 
alloys Avith 00 per cent, nickel; about 200" C. for alloys with 80 
per cent, nickel, and about 350'^ C. for pure nickel). For the sake 
of siiuplicity, no account of tliis change has beim taken in the 
equihbjtum diagram.’* ^ * 

^ See also F. Adcock, J. Inst. Met. 26 (1921), .'IGl, Figs. 1 and 2. 

* This is the view of Mr. Maurice Cook, who lias studied the change from 
dendritic to granular structure in several alloys. IIo bi^heves also that the 
alloys undergo complete recrystallization during the annealing, so that “ one 
dendrite can give rise to more than one polygonal grain.” See M. C/Ock. 
Tra?is. Faraday Soc. 17 (1922), 524. 

“ For recent work on tlie magnetic changes in nickel -copper alloys, sec 
11. Oaiis and A. Fonseca, An?i. Phys. 61 {1920j, 742. 
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The s/,Vver'-gold alloys ^ present ‘an e(^uilibrium diagram (Fig. 
53) very similar to tkat 6f ihe copper-nickel alloys. A rather 
different form of cquilprium diagram is obtained, however, in the 
case of the ^alloys of copper and gold ^ (Fig! 54) ; here again 
mixed crystals are possible in all })roportions, but the liquidus apd 
solidus curves dip down below the melting-points of both metals 
and actually ^ouch each other at the lowest point P. A liquid 
alloy having a composition corresponding to P should, on s6lidifica- 
iion, produce a homogeneous mass without anrieahng, differing 
in this respect from any alloy of nickel and copper, and also from 
the eutectic alloys of Class 1. 

If the gold-copper alloys are cooled moderately quickly from 



below their solidifying point, they consist entirely of ordinary mixed 
crystals ; if, however, they are cooled very slowly — or if the 
quenched alloys are annealed^ — certain compounds, CugAu and 
CuAu,'* which afe only stable below 400°, arc produced, ^nd the 
character of the alloy changes. The upper limits of the stability 
of the two compounds is shown by curves ABC and DEF re- 
spectively (Fig^ 54). Consequently, gold-copper alloys do not, 
strictly speaking, belong to Class 2, although, until 1916, when the 

^ U. Raydt, Zeitsch, Anorg. Chem. 75 (1912), 58. 

2 N. Kurrtakow, S. ^[emezuzny, and M. Zasedatelev, J. hist. Met. 15 
(1916), 305. ♦ 
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coiiipoiiiids wore discoveffod, they v/en^ believed to do «i>. They 
should properly be assigned to Class 5. 

The preparation^ of the equilibrium diagram in ^illoys of t'lass 2, 
as in those of Class 1, can be carried out purely from th(‘ emmination 
of, cooling- cur vf's. Whilst solidification is taking place the tem- 
perature sinks much more slowly than eithi^r before or jjfterwards. 
dTie ])()int of inflection of the eooling-{‘ur‘V(‘ w'liew' solidifieution 
commences gives a point on the liquidus ” corres])on(hng to the 
comjiosition of the allo^ under examination ; the less wT*ll-marked 
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point at the tenqierature when' soliditication ceases gives the point 
on the ‘‘ solidus.” For simple alloys such as those of copper and 
nickel^ the solidus can be plotted by this method with moderate 
accuracy^; but, in many cases, the temperature at "Which sofldiiica- 
tion ends is not shown at all definitely on the cooling-curve, and the 
method can only be regarded as a rough one. 

For this reason, a second and far more reliabki’n^thod of obtain- 
ing the solidus curve has been worked out by Heycock and Neville.^ 

' C. T. Heycock and F. H. Neville, Phil. Tram. 202 [A] (1904), 0 ; 214 [A]* 
(1914), 267. The discoverers of tlie nietliod employed it priuc’pftUy in the 
study of complicated systems of alloys btdonging 4o Class 5, for instance the 
biY)nze8. 
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A small portion of th(3 liquid n^i^ture is aHowed to cool until partly 
or wholly solid, iyid is, then suddenly cooled (“ chilled ”) to roon 
temperature ; the ten^perature from which chiding takes place i! 
earefully o|?^ervcd. The micro-structure of the chilled specimei 
is then studied. If the specimen at the moment of ehilhng stil 
contains any liquid, this liquid will solidify very quickly and wil 
prodiice a solid of far finer structure than the portion which wai 
solid before the time of chilling. Consequently the micro- sec tioni 
will show this quickly solidified portion us a fine ground-mass ii 
which the large primary ” crystal skeletons are embedded. If 
on the other hand, the ingot is entirely solid at the temperature o 
chilling, the fine gmund-mass will not lx* observed. Thereforo 



by chilling several samples having the same composition fron 
different tejnperatures, the temperate Je below which the alloy ii 
wholly solid can be determined within narrow limits ; in othe: 
words, the point on the solidus corresponding to that compositioi 
can be found. 

Cla£8 3. The metals are partially miscible in the soli( 
state. Mixed crystals are possible within certain limits 

An example is afforded by alloys of copper and silver ^ (Fig 

66 ). 

Pure silver solidifies from the fused state at 962® C. (point A) 
,The solidifying point is lowered by the presence of copper in th( 

1 K. Frfboirich and A. Leroux, Metallurgies 4 (1907), 293 ; W. von Lepkowski 
Zeitach. Anorg. Chem. 69 ^'1908), 289 ; compare C. T. Heycock and F. H 
Neville, Phil. Trans. 189 [A] (1897), 57. 
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fused metal, as is shown ^iy tlie liquidys eurte AB. ■ WIf»ii silver 
containing a liybtle copper solidiiies, the solid irst formed is not pure 
silver but contains^ small amount of coppe^’ in solid solutic^n, the 
composition of the solid in equilibrium with a liquid of %ny com- 
position being sTiown by the solidus curve AD. Similarly in the 
case of molten mixtures rich in copper, solidification starts at tcqi- 
peratures shown by the liquidus curve CB, the eonifiosition fff the 
solid produced being indicated by the solidus CK. * 

Now it follows from thi curves that mixtures containing less than 
fi per cent, of silver can solidify to a single homogeneous alloy. For 
consider an alloy containing 3 per cent, silver. This will com- 
mence to solidify at the tem|)erature represented by D, depositing 
crystals of composition represented by the point G, As the tem- 
perature falls, the liquid becomes richer in silver, as shown by the 
curve FJ, whilst the solid, if cooling is sulHciently slow, gradually 
absorbs silver, as sliown by GH, At the temperature represented 
by the pohit H, the solid has the composition of the original liqftid ; 
in other words the whole has become solid. If cooling is too quick 
to allow the n^aintcnance of equilibrium (as is usually the case), the 
alloy produced may not be homogeneous, but it ^vill become homo- 
geneous when annealed. 

On the other hand, supposing the original liquid contains 18 
]j('r cent, of silver, a homogeneous alloy can in no way be produced, 
yuch a solution will commence to solidify at the temperature repre- 
sented by the point J, the solid produced having the composition 
represented by the point H. If the alloy is slowly cooled further, 
the composition of the liquid changes in the manner shown by the 
curve JB. and that of the solid as shown by HE. When the tem- 
perature 778^" C. is reached, the metal is still partly liquid, and 
at the point B the curv(' AB is intersected. (V>nsequently, at this 
])oint, the remaining imtal solidifies as a eutectic of the two solid 
solutions of com])osition em responding to the points J) and E; 
that is, as a eutectic mixture of silver containing 5 per cent, of 
copper, and of copper containing 0 per cent, of silver. 

The structure of the alloys is therefore easily understood. Copper 
contairling less than 0 per cent, of silver becomes bomogene^>us if 
annealed •Sufficiently long ; often 40 hours are needed. After 
annealing the alloy has the polygonal structure and the colour 
of pure copper. Similarly silver containing lcs.s .than 5 per cent, 
of copper differs little in colour and structure fro'in pure silver. 
But all alloys between these limits remain heterogeneous, howe v^er 
long they are annealed. Those containing G per cent, to 73 pei 
cent, of silver consist of primary grains of |irgentift‘rous ^ coppei 
^ Argentiforoiis = silver-bearing. 
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separated by-, or embed(,le(J, a euti*c!ti.c. The alloy with 73 per 
cent, consists of the (|Litectic alone, whilst alloys w^th more silver 
contain — besidejK tlicf^ eutectic — grains of cupriferous ‘ silver. 
Fig. D of tvio frontispiece sho)vs a section of a copper-silver alloy 
containing 60 per cent, of silver ; it consists of dark primary crystals 
of argentiferous copper embedded in the eutectic. 

Fhe determnnation of the equilibrium diagram of this class of 
cMloys is carried out in the same manner as those of Class 2. The 
('xact composition corresponding to thc;, eutectic point can be 
verified by Tammann’s method of eutectic times. The positions 
of the points E and 1) are often a matter of uncertainty. They 
are best determined by annealing alloys of different compositions 
and examining the results microscopically to ascertain whether 
the alloy has become homogepeous, or whether it contains traces 
of eutectic between the grains. For instance, an alloy containing 
7 per cent, silver, 93 per cent, copper annealed for 40 hours, still 
sho'vs eutectic between the grains, Avhilst an alloy containing only 
5-75 per cent, of silver becomes homogeneous in that time. There- 
fore the true position of thc point E must fall bet^ween 5*75 per 
cent, and 7 per cent, of silver. 

It may appear that alloys of this class differ but little from those 
of Class 1. As regards mixtures in which the two constituents are 
present in anything approaching equal amounts, this is true. But 
where one constituent is present in only a very small quantity, there 
is a most important distinction. Consider, for instance, a com- 
mercial metal containing, as an impurity, 0*5 per cent, of some 
other metal. The material is really an alloy- although thc name 
may not in practice be applied to it. If thc two constituents form 
an alloy of Class 1, the impurity will be concentrated between the 
grains as a eutectic, whilst, if thc alloy belongs to Class 2 or Class 
3, it will be found, in solid solution, uniformly distributed through 
the grains. The difference between *i{hc two cases is of immense 
importance, as will be seen later, in determining the mechanical 
and electrical properties of the material ; the presence of the 
impurity between the grains is very liable to cause inter-granular 
fragility, whilst an impurity in solid solution is generally rather 
beneficial to the mechanical properties, although detrimcfiital to the 
electrical properties. 

Glass 4. Cases in which an intermetallic compound of 
definite composition is formed. 

An example is provided by the alloys of magnesium and lead - 
(Fig. 56). 

^ Cupriferou.s = Ijoppor- bearing. 

^ 0. Grubo, Zeitsch. Atmry. Chem. 44 (1905), 117. 
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No new principle is intr/)diJC(^l in cases in which an. int«^etallic 
compound is formed. Ixad and magnesium initc to form a definite 
compound Mg^Pb. ^ This compound has a ijiclting-point of ^550'" ; 
that is to say, the solid compound js in equilibrium i\ ith a liquid 



of the same composition at that temperature. It'^nay, however, 
exist in eipiilibrium with fused metal containing more lead or more 
magnesium than this amount at lower temperatures, as is shown * 
by the curve XBY. The solid does not retain lead or m^nesium 
in solid solution, ^ 
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Simile, rly, pure molten lead solidifies 327°, but the freezing- 
point is lowered by the presence of magnesium in the melt, as may 
be seep from the^curve^bY ; molten magnesium solidifies at 650° C., 
and the aiuwe AX shows how the solidifying piint is lowered by 
the presenbd of lead. 

It will ^ be obvious from tln^ diagram that a liquid containing 
less tjian 67 pe^* cent, of lead will first deposit crystals of magnesium 
vmtil the residual liquid is of the eutectic composition (67 ^er cent.) 
indicated by the point X ; the structure of the resultant solid alloy 
will show large white crystals of magnesium embedded in a dark 
eutectic of magnesium and the compound MgoPG. Freshly pre- 
pared alloys with 67 to 81 per cent, of lead, will consist of steel-grey 
crystals of the compound embedded in the same eutectic ; but 
the compound becomes rapidly oxidized in damp air, darkening con- 
siderably. Alloys with 81 to 1)7 per cent, of lead contain crystals 
of the compound Mg»Pb in a lead —Mg ^Pb eutectic (“ eutectic Y ”), 
wh^Kst those with 07 to 100 per cent, lead will contain lead crystals 
together with the same eutectic. 

oThe compound Mgjjidj has properties quite distinct from those 
of either metal. It is a brittle mass of metallic appearance, steel- 
grey in colour and becoming very bright wheji polished. It is, 
however, very easily oxidized in damp air ; the large crystals soon 
fall to pieces, yielding a black powder, whilst eutectics containing 
the compound darken almost instantaneously. The compound 
decomposes water. 

One characteristic of internudallic compounds is that they fre- 
quently solidify — not in dendritic or skeleton growths^ — but in 
well developed geometrical forms. In this respect they differ 
from most of the pure metals. Certain alloys of tin and antimony 
contain wonderfully perfect cubes of the compound SbSn. 

In some alloy-systems more than one intermetallic compound 
is formed, but this in itself introdu;,-bs no fresh difficulty. The 
melting-point curve of the alloys of copper and magne&ium,^ 
which form two compounds Mg./hi and MgCu.M has two maxima 
and three eutectic minima (Fig. 57). 

In many metallic substances, compounds between metals and 
non-metals, such as carbides, phosphides, oxides and< sulphides 
occur ; many of these have quite definite compositions, and, in 
such cases, the alloys may usually be referred to Class 4. 

The determination of the equilibrium diagram of Class 4 of 
alloys presents no special difficulty, being founded upon the study 
of cooling-curves in the manner described in connection with 
Class 1.^'* 

^ R. Sahmen, Zeitsch. Anorg. Chem. 57 (1908), 26. 
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• Class 5. The intermetallic compojincis fiavj not a 
constant composition,* being capable of inclucfing in their 
crystal -structure excess of one or bDth components and 
thus constituting a range of solid soleltions* ^ * 

^Fig. 58 shows the equilibrium diagram for the alloyT f>f gold and 
magnesium.^ There arc three well-marked maxima (B, C and 
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D) corresponding to the compositions of the three compounds 
AuMg, AuMga, and AuMg.T Of these compounds, the first-named 
has the highest melting-point, being in equilibrijmi with a liquid 
of the same composition as itself at If, however, the liquid 

^ K. Vogel, Zeitsch. Anorg. Chan. 63 (1901)), 169; (.1. Ch Umsow, ZeitsSi. 
Anorg. Chem. 64 (1909), 375 ; G. G. Urasow and K. N'ogel, €mt.scL Anorg. • 
Chem. 67 (1910), 442. » 


P 
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sontains, fjithcr moreigold, or more''magr)csium, than corresponds 
bo the formula AuMg, the melfihg-point is lowered, as is shown by 
the liquidus curve XBY ; moreover, under these circumstances 
the solid /aitequilibriurn with the liquid, no longer possesses the 
^ompositioil iVuMg, but contains the ehunents in the proportio/is 
shown by^ the solidus curve PBQ. The mixed crystals formed 


4N. 



Atoms per cent Magnesium 


Gold ^ X ■ , ^ , Ma^nesitxm 

* Composition [jn atomic percentage) ^ 

Fig. 58. — The System Gold -magnesium. 

ilong this solidui^ may contain anything between 36 and 60 Aioiim 
V Cent, of magnesium ; but, since they have a maximum sta- 
bility at the exact composition AuMg— that is to say, they have a 
naximum*' melting-point corresponding to that composition^ — it 
s fair to regard all the crystals of the series as varieties of the com- 
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D) corresponding to the compositions of the three compounds 
AuMg, AuMga, and AuMg.T Of these compounds, the first-named 
has the highest melting-point, being in equilibrijmi with a liquid 
of the same composition as itself at If, however, the liquid 

^ K. Vogel, Zeitsch. Anorg. Chan. 63 (1901)), 169; (.1. Ch Umsow, ZeitsSi. 
Anorg. Chem. 64 (1909), 375 ; G. G. Urasow and K. N'ogel, €mt.scL Anorg. 
Chem. 67 (1910), 442. » 
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absence oft&ny, simple iformula which* can assigned to the other 
two maxima leads to the Ibefief'that not all solid solutions can be 
regarded as derived from compounds of simple atomic formula. 

The examji^e just given should be borne in mind, when we pass 
on to considef the zinc-copper alloys, the brasses as they are 
called.^ The diagram (Fig. GO] is rather complicated, and uncer- 
tainty »still exists regarding one or two parts of ^rt. The liquidus 
curve consists of six portions (AB, BC, CD, DE, EF' and FU) dis- 
continuous with one another ; the corrcsp(jnding portions of the 



Fig. 59. — Tiio System Bismuth 'I’hallium. 

r 

solidus (AH, BJ, CK, KL, and LM), which are all far bom via tical* 
show how much the composition of the solid solutions varies with 
the composition of the liquid from which they are d(‘po.sited. 

Belo^^ the solidus, the alloy is, of course, wholly solid* the 
necessary information regarding the character of an ajincated brass 
of any known composition at any particular temperature is con- 
veyed by the Gre^k letters assigned to the different areas of the 
diagram. UndeV* certain (;onditions of composition and tempera- 


• 1 W. C. Roborts-Austen, iVor. InJit. Mech. Kng. (1897), 31 ; F. S. Sheplierd, 
J. Phys. Cdkem. 8 (1904), 421 ; V. F. Tafcl, MetaUimiie, 5 (1908), 349, 375 ; 
H. C. H. Carpenter and CL A. Edwards, J. Inst. Met. 5 (1911), 127 ; 0. F. 
Hudson, J. Inst. M^t. X2 (1914),'.89. 
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ture, a brass may con^st of* a single homogeneous solkj solution ; 
under other conditions* it may consist of a complex of two im- 
miscible sofid solutions. For instance, the diagram shows that, at 
400° C., alloys containing anything between 0 and JiOtper cent, of 
^inc may coi&ist of a single homogeneous solid soliitft)n commonly 
known as the a-solution, whilst those between 36 per cent, and 
47 per cent, of iinc contain two solid solutions, ayd are no,t h6mo- 
genoofis. There are afleast six types of solid solutions which oscur 
in zinc-copper alloys^ They are known as a, y, <3, e and /p 
In addition there is another component, />i, which is thought by 
Carpenter and Edwards ^ to be a fine eutectoid mixture of a and y, 



Fig. 00, — The System Co|)i)»'r-zinc (Shepherd’s ];)iagrftin with Modification 
|!U"geKtod by Deseh). 


w'hilst Hudson - and others ]>ref(T to regard it as a distinct solid 
solution. It certainly a]>pears to ]M)ssess proj)erties of its own,^ 
and it is convenient to treat it provisionally as a homogeneous 
substance, although it is quite likely that the 'views of Uarpenter 
and Edwards, who regard it as a complex, may ultimately prove 
to he correct. 

^ H. ('. 11. (’arpenter and (’. A. tidward.s, .7. Met. 5 (1011), 127 ; 

II. C. H. Carpenter, J. Inst. Md. 1 (1012), 70 ; 8 (1012), ,51 ; 12 (lOU), lOl, 

“ 0. F. Itudson. ,7. hist. Met. 12 (1014), 80. 8ee also (\ H. Desch, J. 

Met. 5 (1911), 171: 12 (1914), 104. ^ . 

“ L. Cuillet, Rev. 71/d. 1 1 (1914), llO!!. Sir U. Mimtz, J. h^hMet. 5 (1911). 
182. • 
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Each of, these solid s%dutions has a corap9sitioii varying between 
wide limits, as is shown by fhe* diagram ; ‘nevertheless, there arc 
certain properties possessed by each of the six solkj solutions almost 
indepen(fentiy,of the coiAposition.^ The a-soliition is soft, ductile 
and malleabld ;• n- brass (i.c. brass containing leas thafi 36 per cent* 
of zinc) can readily be rolled cold. The /i-solution is somewhat 
hard'er, stronger,, but less ductile, whilst the y-solutton is very hard 
and# very brittle. The so-called “ /ji-solutihn,'’ which may*really 
be a fine mixture of a and y, is also inclincij towards brittleness. 
Brasses containing 36 per cent, to 47 per cent, of zinc contain />i 
in addition to «, and such brasses are commonly rolled hot. Above 
470°, the /)\ changes to ft, and rolling can be conducted with im- 
punity. If rolled at too low a temperature, the same brasses are 
liable to break : the transformation from ft to />,, which occurs 
below’ 470°, is sometimes called *ihe black-hot breaking-point ” 
of brass. 

Alloys containing the y-solution as independiMit crystals an’ 
extremely brittle, and eonsetpiently brasses with more than about 
50 pier cent, of zinc are of no practical use, except, perhaps, for 
ornamental castings. The 5-soIution is also hard and brittle, 
whilst the e and ^/-solutions are somewhat softer, and are said to 
resemble zinc in their general properties. 

The colours of the ditferent solutions ai*e also characteristic ■. the 
a-solution is yellow, th(> /fi-solution is reddish, the y-solution is 
white, whilst the r- and //-solutions are greyish-white or bluish- 
white, recalling the colour of zinc. In the light of these facts, it 
is easy to understand the following table, which gives the colours 
of the alloys of different composition. It wall be noticed that the 
brasses of the /], range are more reddish than those which contain 
more copper 


100 per cent. Cop])cr 
08 00 
73 63 

63 50 ., ., 

40-43 

43-4J „ t 

20 

22-0 


. Bed 

/ . Yellow-r(‘d 

Yellow’ 
Bed-yellow' 
Pinkish -grey 
. 8ilver-white 
. Light grey 
Bluish-white 


The use of the (I'reek letters to represent the different solid solu- 
tions has one considerable advantages in that it involvi’s no expres- 


« ^ (J. H. C^lliver, " Metallic Alloys ” {(tritlin), p. 275 ; P. Reinglas, 

" Chemische Technologie dei’ Legierungen ” (Spamer, 1919), i)p. 286 -290; 
E. S. Shepherd, J. Phys, Chem. 8 (1904), 424. 
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miscible sofid solutions. For instance, the diagram shows that, at 
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^inc may coi&ist of a single homogeneous solid soliitft)n commonly 
known as the a-solution, whilst those between 36 per cent, and 
47 per cent, of iinc contain two solid solutions, ayd are no,t h6mo- 
genoofis. There are afleast six types of solid solutions which oscur 
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Carpenter and Edwards ^ to be a fine eutectoid mixture of a and y, 
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w'hilst Hudson - and others ]>ref(T to regard it as a distinct solid 
solution. It certainly a]>pears to ]M)ssess proj)erties of its own,^ 
and it is convenient to treat it provisionally as a homogeneous 
substance, although it is quite likely that the 'views of Uarpenter 
and Edwards, who regard it as a complex, may ultimately prove 
to he correct. 

^ H. ('. 11. (’arpenter and (’. A. tidward.s, .7. Met. 5 (1011), 127 ; 

II. C. H. Carpenter, J. Inst. Md. 1 (1012), 70 ; 8 (1012), ,51 ; 12 (lOU), lOl, 

“ 0. F. Itudson. ,7. hist. Met. 12 (1014), 80. 8ee also (\ H. Desch, J. 

Met. 5 (1911), 171: 12 (1914), 104. ^ . 

“ L. Cuillet, Rev. 71/d. 1 1 (1914), llO!!. Sir U. Mimtz, J. h^hMet. 5 (1911). 
182. • 
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which wr#t?jg, and wlwch , merely int'aniiigless. Already a com- 
parison of th(i X-ray patterns obtaijjed with di if crent, brasses has 
shown tjiat rz- brasses cojitaining 10 per cent., 30|per cent, and 35 
per cent, of^zinc give essentially the same pattern, indicating that 
they are built bpon the same system of crystal-architecture, whilst 
a brass with 40 per cent, of zine^ which contains the /^-constituent, 
gives quite a different pattern.^ 

The equilibrium diagram of the brasses is by no izicans the most 
complicated among the diagrams of diihu’evit systems of alloys. 
But even diagrams which appear at first sight most formidable, aT‘(' 
easily understood after a little study. The reader will, however, 
appreciate the amount of patience which it must have required 
to work out some of these systems, and he will not bo siirj)rised 
to note that disagreement — similar to that prevailing over the 
question of the nature of /^’i-brass — exists in many other cas(\s. 
It is impossible to give any detailed description of the processes 
employed to obtam a diagram of a complex system, but it is worth 
while to recall three valuable methods which have already been 
mentioned. , 

(1) The first “ kink ” upon a cooling curve gives a point on the 
“ liquidus,” and subsequent kinks indicate other transformations 
occurring at lower temperatures. 

(2) Whore a eutectic occurs, the comparison of the eutectic 
times of alloys having different compositions, allows the exact 
composition of the eutectic to be calculated (Tammann’s method). 

(3) By chilling alloys from different temperatures, information 
regarding the structure at the temperature of chilling is obtained 
(Heycock and Neville’s method) ; this is esi^ecially useful in deter- 
mining the position of a “ solidus ” curve. 

Mechanical and Electrical Properties of Alloys. In the 

examples of alloys discussed above, two of the pro])erties, the 
melting-point and the colour, have be(y. kept especially in view. 
Jn considering the brasses, it has been convenient also to refer to • 
the mechanical properties. It is necessary now to discuss the varia- 
tion of mechanical properties with the composition of alloys in 
general. ^ t 

The mechanical properties of the alloys of Class 1 do not differ 
very strikingly from those of the pure components.- This is quite 
to be expected, for the alloys are really merely conglomerates of the 
two metals. If Doth the components are malleable, the alloy 
will be malleable ; if both the components are brittle, the alloy 
^will be bridle. If one component is malleable and the other is 

^ S. Nishikawa and Asahara, Phya, liev. 15 (1920), 40. 

L, Guillet, Cornptes Rend. 144 (lHp7), 1273. 
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brittle, the properties will dep^^id upon thp clmracter of tLcihcutcctic ; 
the eutectic pf lead and bismuth, for instance, is scarcely malleable, 
and the presence '»f bismuth in lead greatly reduces the mal[eability 
of that metal. Other properties of the a'/loys of this fclass- such 
ac electrical conductivity— usually fall between the'v'alues of the 
two components, as would be expected. 

In several metals, which arc serviceable when piur, the })rese]iee 
((!' small amounts of certain impurities between tlu^ grains has a 
luost disastrous effect in causing inter-granular weakness. (\)p])('r 
containing a trace of oxygen, which exists as a eutcetii' of e()[)pei’ 
and cuprous oxide at the boundaries of the grains, is (juite brittle, 
Like\vis(‘ cujppei' eonfaifiing a small amount of bismuth, whieli 



eollc('ts at the grain boundaries, is very fragile ! here tlu' ' (siteet ie " 
consists of practically pu?e^ bismuth. ' 

^ When, as in alloys of Classes 2, 3, or 5, mixed crystals containing 
both 7netals occur, the alloys are usually harder and more unyielding 
than either component. A very small quantity of a second element 
in a metallic crystal raises the hardness in a most marked degree, ^ 
Fig. 61 ^hows the hardness curve of the alloys ot silver and gold, 
metals which can form solid solutions in all proportions. It will 
be seen that the hardness of the alloys is for the most part far 
greater than that of either component ; a maxVnum hardness is 
reached in this case — and indeed in many others— when the alloy 
contains atoms of both metals in nearly equal numbers. 

^ K. Jeriomin, Zeitsch. Amrg, Cheni. 55 (19^7), 412. 

^ N. y. Kumakow and S. F. ^emCjpuzny, Zeitsch. Anorg. Chem. 60 (1908), 1. 
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The h^w.ljie.s.s of a Inuiterial gives a ryiigh idea of the tensile 
strength, which is clearly greater for alloys of tJiis class than for the 
pure co^nponent .metals. On the other hand, t^jc ductility of the 
alloys is genorally less tlian that of the components. As to whether 
an alloy w ill 'he more serviceable than the pure metals will vary 
in differenf. cases, and will, o^ course, also depend on the use to 
which .th(‘. material is to be put. If — in our natural desire to in- 
crease the tensile strength we allow the ductility and malfeability 
to be reduced too far, the alloy will be liab|e to break if subjected 
to momentary shocks of exceptional character, instead of yielding 
to them. What is generally required of a material is “ toughness,” 
a combination of strength and ductility. The useful alloys are 
mostly those which possess this qualification.^ Most of the im- 
portant itidustrial alloys — Brass, Bronz(‘, Monel Metal, Nickel 
►Silver, and many of the new liglic aluminium alloys — consist mainly 
of solid solutions. The commonly practised addition of copper 
to gO(ld serves to make the metal harder and more resistant to wear, 
mixed crystals of gold and copper being produced. 

/,)n the other hand, where a soft, ductile and jnalleable material 
is required, a sjjccially pure form of metal is usually sought. The 
small amount of impurity usually found in commercial metals — 
whether present in solid solution or as a eutectic between the grains 
— generally interferes with these qualiti(‘s. 

The cause of the unyielding character of mixed crystals - as com- 
pared with the crystals of a single metal lias been the subject of 

much discussion. “ The fact that the alloys have a lower ductility 
and greater strength than their components is a sign that — for some 
reason — gliding does not occur readily in the mixed crystal. In 
the crystal in which all the atoms consist of silver, one layer can 
slide readily over another ; the same is true if all the atoms are gold. 
But if some of the atoms are gold and others silver, the sliding 
seems to become less easy. If the atoms of gold were different in 
size from those of silver this would not be difficult to understand; 
but, as a matter of fact, the atomic volume of silver is almost exactly 
equal to that of gold. 

A satisfactory explanation is provided if the assumption is made 
that the force existing between unhke atoms is always greater than 
that holding together two atoms of the same kind ^ ; it would 

^ See F. C. Tho,Mpson, Trans, Faraday Foe. 12 (1917), 23 ; T. Turner, 
J. Inst. Met. 18 (1917), 92, 93. 

^ See especially C. H. Desch, Trans. Faraday Foe. 10 (1915), 251. 

® (1. Tammanii, “ Lohrbuch der Moiallographio ” (Voss) (1914 edition), 
page.s 331 332. A rather similar view is clearly stated and developed by 

W. Ko.senhain, Froc. Roy. f^oc. 99 [A] (1921), 190. See also Z. Jeffrie.s and 
Ji. S. Archer, Met. Chem. Eng. 26 (192^), 249. 
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follow from this assumption that the force^ needed to (Jivici^ a mixed 
crystal containing both silver ancf gold atoms into tw'o halves 
along a cleavage plane — or even to make one half glide upon the 
other-' wall be greater than the correspoiilling forces inquired to 
cause ck'avage ‘or gliding in a pure metal. The assumption required 
appears to be entirely in accordance^ with the view' of ii^ter-atomie 
force which has already been sketeln'd in the Introtiuction. , Mere- 
over th? theory explainj^ adequately why the greatest hardnesses 
generally mf't with wj^en the mixed crystal contains an equal 
number of atoms of each component. 

Another property in which an alloy of the mixed-crystal type 
(Classes 2, 3 and 5) always differs from the component metals is the 
electrical conductivity.’ Pure metals arc good conductors of 
electricity ; mixed crystals conduct fai' less well. The curve 



indicating the electrical resistance of alloys of two metals which 
form a complete series of mixed crystals resembles closely the curve 
of haj’dness. The curve showing the conductivity is naturally like 
the hardness curve inverted, and has normally the form oi a broad 
U. Eig. 62 shows the conductivity curve of th(‘ sihi;r-gold series 
of alleys.- The practical effect of impurities upon tjie conductivity 
of a metal is important. Copper required for use in electrical work 
must be of the purest character ; as little as 0-35 per cent, of 
arsenic in solid solution reduces the conductivity^ by a half.^ Alu- 
minium, antimony, phosphorus, and silicon, which likewise form 

^ Much useful information on this subject has been collected by A. L. « 
NorVjury, Trans. Faraday Soc. 16 (1921), 570. ^ 

W. Guertler, ZeAtsch. Anorg. Chem. 51 (1900), 403. ^ 

N. Puschin and E. Dischlor, Zeiisch. Anorg, Cflejn. 80 (1913), ()r>. 

M.C.- VOL. I. • Q 
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solid soltitions with cbpper, have also a serious effect on the cor 
ductivity. On the other hand, the presence in copper of bismutl: 
lead, tellurium, and selenium, impurities which do not enter th 
copper crj^stals, but accumulate as a eutectic at the boundarie 
of the grains, are much less deleterious to the electhcal properti^ej 
It is interesting to note that it is just these substances, which hav 
comprratively Uttle effect on the conductivity, that cause mechani 
c&l weakness, and a tendency to inter-granular fracture. 

Before discussing the cause of the relatively poor conduct! vit 
of alloys, it is necessary to adopt some view regarding the mechanisr 
of the passage of electricity through a pure metal. Lindemann’ 
theory appears to be most helpful.^ According to Lindemann, th 
loosely bound electrons of the metallic atoms (i.e. the valenc 
electrons) exist in the crystal structure in the spaces between th 
atoms, forming a second lattice of electrons “ interleaved ” wit 
the lattice of atoms.'*^ When an E.M.F. is applied, the electroi: 
lattrje moves relatively to the atom-lattice, thus causing the coi 
duction of electricity through the metal. Now in a pure meta 
wliere all the atoms arc alike, the electrons will be equally attractc 
- or equally repelled — by all the atoms, and will therefore be fre 
to move easily between the atoms. True, if the atoms are in 
state of vibration, the passage of the electrons will be hindere 
somewhat ; and accordingly there is, even in pure metals, a cor 
siderable electrical resistance at high temperatures, although a 
very low temperatures (c.g. T Absolute) this resistance become 
almost negligibly small. But if the atoms are of two separat 
kinds, the regularity of the two inter-penetrating lattices will b 
disturbed and the free passage of the electrons through the atomi 
lattice will be obstructed considerably. It follows that mixe 
crystals will conduct less well than pure crystals at the same ten 
perature. 

The physical properties of alloys of' Class 4 still remain to b 
considered ; these contaiti intermetallic compounds of d^efinit 
composition. Such compounds - like MgoPb- are usually hare 

^ F. A. Lindomurm, rhil. Ma<]. 29 (1915), 127. Seo also W. C. McC. Lowi 
Chem. ,>Soc. AniK^Rej). 17 (1920), 7, 8. The theory of tho diminisl'^d coi 
ductivity of mixed crystals which can be developed from Lindenaiim’s viev 
is closely analogous to the theory of tho increased hardness given by V 
Roaenhain, Froc, Roy. Soc. 99 [A] (1921), 196. 

* According to o^e view, due to G. Borelius, PJiil. Mag. 40 (1920), 74' 
the structure of utTjtallic copper may be compared to that of a salt like sodiuj 
chloride. If we imagine that the places occupied by sodium atoms are fille 
by copper atoms, and tho places occupied by the chlorine atoms are filled b 
free electrons, wo obtain a possible picture of metallic copper ; it is clei 
that not tn’y are tho copper atoms placed upon a face-centred cubic lattic 
but the electrons also forri^' a second face-centred cubic lattice interpenetratir 
the first. 
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but are generally extremely brittle.^ 'fhQ «a^ue statemeAt applies 
to many of tlje compounds formed between metals and non-metals, 
such as iron carbide, which are important comp©ncnts of*alloys. 
Apparently in such compounds the natural ^danes along •which the 
at(jms are arrayed behave rather as planes of cleavage tlian as planes 
of ghding. It is of interest to rec'oll the fact that iii ordimyy 
compounds such as, sodium chloride, where the component ekMiients 
are essentially dissimilar’ to on(‘ anotlu'r, the same observatidli 
liolds good. • 

As a result, alloys in which tliese interjuetallic eomj)ounds 
o(;cur -other than in a eutectic- are }>rittl(‘ and, in most cases, of 
no commercial importance. White cast iron, which contains a 
considerable amount of free iron carbide (although of importance^ 
as the raw material for making malleable cast iron), is too brittle 
to ])c used for most purposes in the unmodified state. 

Whilst the intermetallic (*ompounds of constant compositioji 
are generally undesirable in commercial materials, the nu me tons 
industrial alloys of Class o contain solid solutions which (as already 
(r\ plained) m^y |)robahly be regarded as being intermetallic com- 
pounds containing (>xcess of one or other constituents, ddie pro- 
perties of alloys of this class resemble those of Classes 2 and 3 rather 
than those of Class 4. 'riie mechanical properties of the brasses — 
which bell nig to C-Iass 5— have already been considered. 

Summary. ^Vlloys formed between two metals may be classified 
according as they form : — 

(1) Xo mixed crystals (gold-thallium alloys). 

(2) A complete range of mixed crystals (copper-nickel, silver- 

gold, copper-gold). 

(3) Limited range of mixed crystals (copper-silvau’). 

(4) Intermetallic compounds of fixed atomic composition 

(magnesium-leaf^, magu(‘sium-eopper). 

( 0 ) Intei'metallie compoi iids of variable composition, forming 
a range of “ solid solutions (magnesium-gold). Con- 
troversy prevails as to whether some of the ‘‘ solid 
solutions ” (e.g. in the brasses) arc related to definite 
^ compounds or not. Certainly in the ca^e of bi^uth- 
thallium alloys, they do not appear to bo so related. 

Like metals tend to form mixed crystals in wlpcli the atoms of 
both play the same part in the crystal structure ' unlike metals 
form intermetallic co7npounds in which the atoms appear to have 
different rdles. The formulae of intermetallic compounds are not 
determined by the ordinary valency of the metal. 

The equilibrium diagrams of tljp various systems are worked out 
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by tlic j^udy of coolmg /^uyvcs takCn oii/- mixtures of known com 
position, supplemented by Tammann’s method of eutectic times 
and t^.o Heycock-Ncvillc method of quenching from a know] 
temperatftrC*. ^ 

In general, the structure of alloys of Classes (l) and (4) wil 
consist of , primary crystals embedded in a eutectic ; alloys of Clas 
(2) Wvdl be hotiogeneoiis when annealed (show i rig polygonal struc 
tlire), but may appear heterogeneous when cooled rapidly, dis 
playing dendritic “ coring.'’ Alloys of Classes (3) and (5) will b 
homogeneous or heterogeneous according to their composition. 

The physical properties of alloys of Class (1) are usually inter 
mediate between those of the pure metals, but this is not the cas 
in the otlier classes. 8olid solutions and mixed crystals are harder 
stronger and less ductile than the pure components ; this is ex 
plained on the assumption thal the attractive force between unlik 
atoms exceeds that between like atoms. In the alloying of metal 
lor technical purposes, toughness ” (a combination of grea 
strength and moderate ductility) is generally required. Mos 
technically important alloys belong to Classes (2) and (5). 

The electrical conductivity of mixed crystals is less than tha 
of the component metals. Impurities in eoppen- affect the mechani 
cal and electrical properties in a diffei'ent Avay. Those that collec 
between the grains cause inter-granular weakness, but do no 
seriously affect the conductivity ; those that pass into solid solutioi 
do not affect adversely the mechanical qualities, but reduce th 
conductivity to a very marked extent. 

Intermetallic compounds of definite composition are generalf 
brittle, and most of the alloys containing them are of little practica 
importance. 



■ PART II 

« 

THE STUDY OF THE IONIC STATE 
(ELECTRO-CHEMISTRY) 

('hai>ti-;r V 

TflE PA.S.SAGE OF ELECTRICITY THROUGH A 
SOLUTION 

Mechanism of Electrolysis. When a cunent of electricity 
passes tliroii|f}i a iiietallic eoiuliutor. tlu' iiietal undergoes no 
change apart from a sliglit 
rise of temperature. But 
when electricity passes 
througl) a solution, it pro- 
diK'cs two other marked 
('tTiHits ; iirstly, it causes 
motion within the liquid, 
and secondly, it causes 
decomposition. There is 
ev('ry reason to think that 
the two elTects are (Tosely 
connected. 

TIu' decomposition is 
(.•^dly tjbserved. If two 
plates, or “ electrodes,” of 
platinum are immersed 
in a 'green solution of 
nickel cffloride, and are joined by wires to an idectric battery 
(Fig. 63 ), a deposit of metallic nickel is produced on the negative 
electrode or cathode, whilst chlorine gas is evolved at the positive 
electrode or anode. The decomposition can b(^ summarized by 
the (‘(pint ion, 

NiCl, Ni + CL 

But, according to the Ionization Theory, wliich has been sketched 
?29 


Electron Stream 
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in the introduction, ihe ^nickel and* chlorine exist in the solution, 
before ever the cuirrent is passed througli it, as virtually separate 
“ ions.” The n[ckel ion consists of a nickel atom bereft of two 
electrons ^ it possesseli, therefore, two positive eharges and is 
written Ni"*. * The chlorine ion is a chlorine atom with one exjra 
electron ; ^it possesses, therefo;*e, a negative charge, and is written 
Cl^ [The two ions are generally supposed to be m equilibrium with 
a '■certain quantity of undissociated nickel chloride molecu'les, thus 

NiClo ^ Ni‘* -f 2C1' 

Before the electric current is passed through the solution, the 
nickel and chlorine ions are moving about .separately through the 
solution — by virtue of the ordinary thermal agitation — just as 
though they were separate molecules. When the electrodes arc 
immersed in the solution, anck an E.M.F. is applied by connection 
with the electric battery, a “ directive influence ” is exerted upon 
thisjthermal movement, which has hitherto taken place wdth equal 
facility in all directions. The positively charged nickel ions 
commence to move more readily towards the negative pole or 
cathode than in the opposite direction, and the outcome is that 
— on the whole — there is movement of nickel ions towards the 
cathode ; similarly, the chlorine atoms commence to move — on 
the whole — towards the anode. The undissociated niclcel chloride 
molecules, being uncharged, take no direct part in the movements. 

The electric battery, when furnishing a current, pushes a steady 
stream of electrons outwards from the so-called negative terminal, 
and sucks in a steady stream at the so-called “ positive ” terminal. 
Now consider the layer of solution quite close to the cathode of the 
electrolytic cell. Here the nickel ions will be attracted on to the 
electrode surface itself. Within the cathode there is a supply of 
electrons arriving from the negative terminal of the battery, and 
the nickel ions which are arriving frorj^ the solution are each fur- 
nished with two electrons, and thi/. become atoms of metallic 
nickel, which ari'ay themselves after an orderly fashion to foniT a 
layer of crystalline nickel. The electrons needed to convert the 
nickel from the ionic to atomic form continually uses up the^supply 
of electrons oii*the platinum, and the constant stream o| electrons 
from the battery is simj)ly required to keep it replenished. Using 
the symbol e to represent an electron, the cathodic reaction can 
be wTitten ^ • 

Ni” 4- 2c -- Ni 

Meanwhile, at the anode, chlorine ions, bearing their extra 
electronf?,' 'are attracted by electrical forces on to the electrode, 
where the extra electi'on is given^up and is sucked away into the 
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platinum by the electro -motive force of the battery. Tl\^ chlorine 
atoms left uncharged, joiix in pairs tb fbrm molecules, which collect 
together as bubbles of chlorine gas. The anodic* Tcaction can thus 
be written in two stages : — 

, 2CV - 2C1 4 2 c 

2C1 =C1.> 

It wijf be seen, therefore, that the apparent passa<ge of eleotneity 
through a solution is not due to the passage of free electrons freftn 
cathode to anode, bii> is dependent upon the movement of two 
streams of charged ions, one moving to the cathode and one to the 
anode. The transformation of ions to the atomic state at the 
cathode results in the absorption of the (.excess of electrons which 
is provided by the eh^ctric current, whilst, at the anode, the dis- 
charge of the iK'gative ions results in the production there of a 
corresponding excess of electrons. .From the electrical — as opposed 
to the chemical- -point of view, the result is exactly the same as 
though the electricity were passing straight through the solution 
from cathode to anode, and it is possible, therefore, to assign a 
definite “ cl'ifdrical conductivity ” to the solution. 

In the case of nickel chloride, the substances ])roduccd by electro- 
lysis have the same composition — apart from the question of excess 
or defect of electrons— as the ions which are discharged. Often, 
however, important secondary changes 0 (?cur at the electrodes. 
Many metals react with water, as soon as they are produced at the 
cathode, yielding hydrogen and a hydroxide ; similarly, the anions 
of the sails containing oxygen often react with water after giving 
up their electrons, producing oxygen and an acid. Thus sodium 
sul])liate (Na 2 S() 4 ) undeigoes the following changes on ('lectro- 
lysis 

(1) At the Cathode 2Na’ -f- 2c - 2Na 

2Na 4 - 211 ./) . 2NaOH -f H o 

(2) At the Anode ^0^' SO 4 -f 2c 

8 O 4 + H 2 O -- H 08 O 4 +0 

The final result of the dccomposititm is that the solution becomes 
alkalyic round the cathode and acid round the anode, whilst hydro- 
gen anck oxygen gases are respectively liberattid at the two 
electrodes. 

Ill the cases consid(‘rcd so far, it is assumed that the electrode 
material takes no part in the change ; where a* platinum electrode 
is conceriu'd, this is - at least to all outward appearance — true. 
But supposing that in the electrolysis of nickel chloride a nickel,^ 
anode were used, the chlorine produced would then. -attack the 
nickel yielding nickel chloride, which Avould dissolve in the solution, 
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replenishi^ig the nickeMost deposition of metal upon the cathode. 
The nickel chloride, on dissolving, would split up largely into ions. 

In such a case,, the anodic reaction can thus bcicxpressed in three 
stages : — » « ^ 

2C1' - '2C1 + 2e 
2Cl + Ni - NiCl., 

’ , ' , NiCl., - Ni" + 2Cr 

. * I 

Adding these three equations, and eliminating what is common to 
both sides, we get * 

Ni - Ni" + 2e 

Thus the hnal result of the change, where a soluble anode ” is 
used, is that the atoms of the anode metal pass into tiie ionic 
condition, leaving behind their electrons, which are sucked away by 
the electromotiv^e force of the' battery. It is possible that the 
simple equation 

• Ni = Ni" + 2c 

actually represents events occurring at a soluble anode as truly as 
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Fie. ()4. — PJxporiiJienial IJonRuistrat ion of Ionic Movement. 

6 

the three-stage reaction which was first suggested. It may be tl!?lt 
the nickel to a large extent enters the solution spontaneously, 
instead of waiting to be attacked by the discharged chlorine. At 
prcsenLi however, there is little exact knowledge of what occurs 
at the electrode boundary ; it is impossible to say how far the 
chlorine “ crosses the boundary to carry off the nickel,” or how 
far the nickel crosses it spontaneously in the opposite direction ; 
possibly both nickel and chlorine advance half-way across the 
^ boundary to meet each other. 

Experkiaental Demonstration of Ionic Movement. It has 
been stated that an ciectric current passing through a solution 
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causes not only decomposition at the clcctrodi's, but also ^iovement 
of the dissolved materials throughout the body of the solution : 
the ionic theory attributes the movement and the decomposition 
to the same cause. > • 

Jhe movement can be experimentally demonstnfUd in many 
ways. Two vessels A and B (Fig. 04) containing dilute sulphuric 
acid may be connected by a tube Idled with a jelly nu^de of agar-a^ar 
containing sodium chloride and a trace of phenol-phthalein rendered 
pink with alkali.^ T\je vessels contain two platinum electrodes, 
and when a current is passed between them through the jelly, 
hydrogen ions from the anodic vessel A 
commence to move towards tlie cathode ; 
as they pass through the jelly they 
neutralize tlie hydroxyl ions of the alkali 
and thus destroy the pink colour Vd the 
phenol-phthalein. 'Phe advance of the 
white region along the tube givi's a 
method of measuring the velocity of 
movement of the hydrogen ions. 

The movement of the other ions through 
jelly under the influenee of the electric 
current can be followed if suitable indi- 
cators ai e ii.sed.- If th(‘ ve.ssel A (Fig. 

1)4) contains barium chloride solution, 
and the jelly contains sodium chloridi', 
together with a trace of sodium sul- 
phate, the advance of the barium ions 
is recognized by the cloudiness due to 
the insoluble barium sulphate which is 
formed as they advance. Converscdy, if 
the vessel B contains sodium sulphate, 
and the jelly contains H«)dium chloride 
and a trace of barium chloride, the 
velocity of the movement of the ( 8 O 4 )" 
ions can be measured in the same 
way.* 

If the«ion whose movement is being studied is ilself col?5ured, it 
is possible to dispense with an indicator ; furthermore, if the tube 
connecting the two vessels is vertical, and one of the solutions 
employed is slightly heavier than the other, the >elly may be dis- 

’ Sir O.'flxjclgo, Brit. Ansoc. Hep. 56 (1S80), 'I'ho gcuonil principle.s of 
those mot liods iiro well disetiHsed by H. ('. il. Whotliain, " Th('<irv(d Solution 
((’ambridgo University Uri'ss, 1902), pp. 2l()-22(>. 

“ W. C\ L). Whoihain, Phil. Tnms. 186 [A] (U95), r>07. 
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pensed also. Wi.etham ^ used the^apparatus shown in Fig. 66 
to measure the velocity of thd copper ioA (Cu") ; the vessel A is 
filled with copper chloride solution, whilst the vessel H is filled with 
ammomun? ehloridc soiution ; each solution contains a trace of 
ammonia, which serves to briiig out a deep blue colour wh^re 
copper is present. The boundary between the two solutions in the 
vertical connecting tube C is marked by the sharp termination of 
tlv> blue colour. When an E.M.F. is applied between the electrodes 
in A and B, the blue colour commences to extend upwards along the 
tube, and the rate at which the boundary travels measures the 
velocity of the copper ion. In the same way the velocity of the 
orange anion of potassium dichromate (Cr 207 )" has been measured. 
It is found that the velocities of the (CroO;)" ions when measured 
in a jelly and in an ordinary licpiid solution, do not seriously differ, 
and this fact gives support to hhe numbers obtained for colourless 
ions, which can only be arrived at by the use of jelly. 

It^is found that the velocity is in all cases proportional to the 
potential gradient. 'Fhe velocity under “ unit potential gradient ” 
— ^that is, 1 volt per cm.- "is characteristic of the ion, and is called 
the “ mobility.’’ The following table shows some of* the numbers 


obtained for the mobilities of different 

ions - 


Ion. 1 

Synilwi. 

1 

1 Mobility 

1 (cms. per sec.). 

ITydrogon ' 

H- 

00020 

Copper i 

Cu- 

; 0 00031 

Barium 

Jhi- 

0-00039 

►Silver | 

Ag- 

0-00049 

Sul])Jiate 


0-00045 

Bichromate 

((V.O,)" 

0-00047 


It will be observed that the hydro^^jii ion is much more mobile 
than any of the others. This is easily understood in view of T^s 
extreme lightness. 

The mobilities of certain ions, such as those of potassiupi and 
chlorine, appeal to be fairly independent of the concentration, and 
of the presence of other ions ; often, however, the mobility falls 
off, as the concentration increases. This may be due in part to the 
fact that the viscosity of the liquid increases with the concentration, 
and therefore causes an increased resistance to the motion of the 

1 W. C. D. Whotham, r/til. Trans. 184 [A] (1893), 337 ; 186 [A] (1895), 507. 
A method of determining the velocity of colourless ions without the use 
of an indicator is given by^. Masson, Phil. Trans. 192 [A] (1899), 331, 



PASSAGE OF FLE'cTRICITY THROIJGH A SotuTION 235 

I * • * 

ions. ^J'here are, however, tv^o other and more importf^t causes 
which \vill be considered more fully at^ later stage, but which may 
be indicated*at this point. Firstly, it is thought that in a concen- 
trated solution, only a portion of the molecwles arc di^sr*cia\ed into 
independent ions ; any given ion ’will only be in a»free state for 
part of the time, since periodically it will combine with other ions 
of the opposite kind to form undissociated molccylcs. WhilsC in 
the combined state, thefo is no reason why it should move towavds 
one electrode rather ^lan to the other ; consequently owing to 
these “ lapses ” into the non-dissociated condition — the progress 
towards the electrode to which it is moving will be less rapid. 
Seco!idly, it is fairly certain that free ions, in a. conei'iitrated 
solution, drag along with them undissoeiated inolecuk's, and, for 
this reason, have their mobility reduced. In a concentrated 
solution of cadmium iodide, it is fv^und that tlu* metal, as a. whole, 
moves, not towards the cathode, but towards the anode : this is 
commonly explained by the fact that the iodine ions (F) ^carry 
with them undissociated molecules of CdTo, possibly forming 
definite complex ions [Cdlg]'. 

It is at file same time necessary to point out that, in dilute 
solutions, the ions may drag along with them molecules of solvent ; 
it is quite certain that a transport of water dot's occur when the 
ions mo\ ^ towards the electrodes, ^ and if the two sets of ions drag 
along diftcrent amounts of water, the resulting transport of water 
towards one electrode can be measured. Many authorities think 
that the ions are definitely hydrated, i.e. surrounded with an 
“ envelope " of water molecules, which mo\'e along as an essential 
part of the ion. This notion has been adopted in order to explain 
the fact that the ions of metals possessing the highest atomic volume 
ai’c not always the least mobile. For instance, the caesium atom 
is much bigger than the {itoin of lithium and it might be expected 
that fhe fri(dional resistance opposing the movement towards the 
('lectrodc would b(' greater ’3 in the case of the caesium ion; in 
[iractice, however, it is foumi that the caesium ion has a higher 
mobility than the lithium ion. One possible explanation is that, 
altluiugh the caesium atom is undoubtedly bigger than that of the 
lithium it docs not necessarily follow that tlie caesiftm ion 
that is, the atom without the valency electron — has a bigger radius 
than the lithium iorir It is more usual to accept the view already 
suggested, and to assume that the ions are hj^di^ted, the lithium 
ion having a larger amount of attached water, and being in conse- 

^ K. Romy, Zcitsch. Phys. Cheni. 89 (1914-15), 407, 529. Se^also H. .1. S. 
Sand, Trnntt, Faraday Soc. 15 (1919), 94. % 

See F. A. Lindemarm, Trans. Faraday Foe. t5 (1919), 166. 
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quence rg»lly bigger than the le«s hydnlted ion of caesium.* It is, 
however, not necessary to assume the existence of a definite number 
of water molecules permanently attached to thf ion ; it is more 
probabfe that the ions #lrag a certain amount of water with them 
when they 'iiiove towards the VIectrodes, hy virtue of electrigal 
forces, and that the drag is greatest in the ease of the lithium ion, 
whfch is consequently impeded mor(‘ in its migration than the 
heavy caesium ioii.- ‘ * 

Faraday’s Law. Since every metallic » ion carries a charge 
corresponding to one, two, three, or possil)ly four electrons, according 
to the valency of the atom, it is clear tliat a simple relation must 
exist between the current which passes (or, at least, appears to 
pass) through the solution, and the amount of inaterial decomposed. 

The atomic weights of any two metals, expressed in grains, must 
contain equal numbers of atoms*'; for example, ()5’37 grams of zinc 
contain the same number of atoms as 107 -SS grams of silver. But 
zinc h divalent : the zinc atom has, therefore, two more electrons 
than the zinc ion (Zn*), whilst. silv(T fieing univalent, the silver 
atom has only one more electron than the silv(*r ion (,j\g’). Tf we 
define the Gram -Equivalent Weight as th(‘ 


Atomic Weight expre.s.sed in grams 
Valency 


a little consideration will show that tin* convaasion of one (Iram- 
Equivalent of any two substances from tin* ionic to the atomic state 
will require the same numlx'r of electrons. For instance, it will 


require as great a quantity of electricity to deposit 


br):f7 


i.(‘. 32*()S 


grams of zinc on tlie cathode as to (lej)osit 107-88 grams of silvi'r. 

This result can be exjirc.ssed as a general laM’, which was first 
experimentally demonstrated by Faraday. It can conveniently be 
stated in the following form : The quantity of electricity required 
to deposit the gram-equivalent weights! any metal at a cathode j^s 
equal to 96,580 coulombs ; that is, roughly, to 26-8 ampere-hours.” 
It should be added that the same quantity of electricity is involved 
when one gram -equivalent of a metal is dis.solved at a soluble anode. 

The htlatemen'i of th(^ law just given is subje(;t to oik; rather 
important proviso, namely that the whole of th(‘ electricity is 
utilized in the* depo.sifion or the dis.solution^ of the metal under 

* K. l.(orcnz, Ziitsr}/, (Unm.. 73 (HMO), 2ri2. Othi'p iiulopendent 

argurnotit.s in favoni- of llio liydratioii of ions an* put forward by W. K. Boua- 
field and T. M. Lowry, Trans, i'aradaif Sov. 3 (lOOT -H), 12.'^ ; also by K. 
Newbery, Trans. (Item. Soc. Ill (1917), 470. 

“ The roaVltr .slioiild con.siilt tho vary iiiteirstiiif]: papers on Mh* subject by 
M. Born, Zritsdt. EhUroduMi. 26 (192(i), 401 ; Zcilsch. Phys. 1 (1920), 221. ‘ 
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consideration. If, however, the deposition zinc is conducted in 
rather acid solution, and Ihe current' ca^ises at the cathode, not only 
the production ofc^zinc, but also the evolution of hydrogen gas, then 
the passage of 90,580 coulombs will clearly i)ot lead to t,h() dei)osition 
o^the full 32*08 grams of zinc. But it is important toilote that this 
is not due to any failure of Faraday’s Law ; for if the hydrogen 
evolved is measured and the zinc deposited is weighed, it is foiind 
that- together they amoifnt to one gram-equivalent for every 0(5,580 
coulombs employed. , 

If our desire is to de[>osit zinc, it is clear that the part of the 
current expended in the production of hydrogen is current wasted. 
It is useful to express the amount of metal actually produced as a 
percentage of that which would be ealculated from Faraday’s Law 
on the assumption that no current is wasted on secondary reactions ; 
this percentage is known as the current efficiency. If, for 
instance, after passing a current of one ampere for 20*8 hours, we 
liave o])taincd only 30 grams of zinc, instead of tin* theoretical 32*G8 
grams, the current ellichmey is 

• . . KM) - 01*8 per cent. 

Silver Couloinbrneter. If it is pos.sible to llnd a ease in which 
tlu' wtiole of the ek'cdrieity is employed in de])ositing a single metal 
-- in othc!' words, if a deposition-cell can be designed having a 
currc'ut elliciency of 100 per cent. — then the amount of metal 
de])ositcd upon the cathode can l)e used to measure the total 
quantity of electricity which has j)ass(*d through the cell. Under 
suitable conditions,^ the deposition of silver from a solution of silver 
nitrate is absolutely quantitative, no electricity being used up in 
subsidiary reactions. A silver nitrate cell can therefore be irsed as 
a “ coulombineter ” ; the increase in th(> weight of the cathode 
upon which silver has been deposited can l)e used to indicate th(^ 
juimber of coulombs whicA fiave passed through the cell during the 
iifqiosition. 

3’he deposition of mercury has also been used for the measure- 
ment of the quantity of electricity ; it has the advantage that the 
mercury can be n\easured by volume instead (jfeby weight. For 
rough purposes, coulombmcters in which copper is the metal 
deposited have also been used. 

Conductivity of Solutions. The measmtuqent of the eon- 
ductivity of a solution is a matter of some little importance. 

^ Described by T. VV. Richards and D. W. Hoiinrod, Zeitsch. Phyj^. Cheni.* 
41 (1902), 302. Sec also T. W. Richards and F. O. Anderogg, Chem. 

Sac. 37 (1915), 7. .j 
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DifficuJMes arise when^ attempts made to use continuous 
current — such as is obtained from an ordinary electric battery— for 
measuring the conductivity of an electrolyte, because when such a 
current passed for very short time through a liquid, a “ back 
E.M.F.” dia*. *0 polarization is set up, which tends to diminish the 
current passing through the cell. This phenomenon, which will be 
explained more Jully in subsequent chapters, led early experimenters 
tn doubt whether electrolytes really obeyed Ohm’s Law. It is now 
known that, if “ polarization ” can be avoided, Ohm’s Law is obeyed, 
and that liquid solutions have a perfectly constant and definite 
i*(‘sistanee. The dilficulties due to the polarization do not, in fact, 
prevent the conductivity from being determined with a continuoiis 
(airrent,^ but most experimenters liave preferred to avoid polariza- 
tion by employing an alternating current, in accordance with a 
ijiethod worked out by Kolilraasch. In an alternating current, 
the direction of the current changes very fitapiently, perha])s 50 to 
50,000 times per second. If the frequency of alternation is high 
enough, the back E.M.F. does not become apprecnable during any 
“half-period,” and any luinute polarization which may be set up 
during one half-period should be removed during the next lialf- 
period by the current passing in the opposite direction. For rough 
purposes, an ordinary cheap “ buzzer-coil ” is often used to j)rovide 
the alternating current, although tlu^ frequency is generally not 
high enough to eliminate polarisation completely, and what is 
still more serious- -the alternating current generated is not quite 
.symmetrical; for instance, the F.M.F. produced in one direction 
exceeds that produced in the otlier, and con.sequeiitly the polariza- 
tion caused during one half-period is not completely eliminated durmg 
the next. It is probable that even .some of the classical work on 
conductivity has sutfered through the employment of an unsuitabl(‘ 
source of alternating current. Lately the use by Taylor and Acree - 
of a Vreeland oscillator giving a very symmetrical altej*nating 
cui’rent, with a frequency which can l>e varied at will, has led^o 
very interesting results, and it is probable that the refined methods 
used by tho.se experimenters have either eliminated, or allowed for, 
the many errors which are liable to arise in this class of work Jt 
is imposi'/ible, hovs’ever, to discuss the refinements of conductivity- 
measurement here ; it is only possible to sketch the j)rinciples of 
the method as employed for ordinary work. 

The solution tp no tested is usually placed in a cell of a form 

^ Methods of determining conductivity using a continuous current are 
^described by F. W. Kohlrausch and L. Holbom, “ Leitvormcigen der 
Elektrolyten " (Teubner), and by E. Newbory, Trans. Ghem. Soc. 113 (1918), 
701. 

2 W. A. Taylor and S. F. licree, J. Amer. Ghent. ISoc. 38 (1910), 2403, 2415. 
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similar to those shown in Fi^s. 66, 67 and 68. There, ^ are two 
electrodes E and F consisting of ’circular plates of platinum 
roughened by mv'^ans of a sand-blast. Before * the experiment, 
however, they must be covered with a velrety coatirg of ‘‘ black 
plf^tinum,” by plating in a bath cont aining potassium ^Jatinichloride 


together with a small quantity of a 
platinum is found to lead to more 
probablj^ because it greatly in- 
creases the active ar^?a of th(‘ 
electrodes. The electrodes ar(‘ 
supported by platinum wires, 
which ])ass through tlie glass 
walls into the tubes G and H . 
When the apparatus is to l)e 
used, the tubes G and H are 
hlled with mercury, and the ends 
of the conducting wires wiiicli art* 
intended to join the cell to the 
rest of the apparatus requirt* 
merely to be tlirust down the 



a;. 00. — Conductivity Coll for 

Solutions of very low ('ondiu- 
tivity. , 


l^\ad salt d this coating of black 
accurate and consistent resuits, 



tl7.- (onduclivity Coll for 
Solutions of very liij^h Conduc- 
tivity. 


ttibe in order to obtain a connection of very low resistance ; the 
importance of avoiding appreciable resistance in the connections, 
wher© the resistance of a liquid is being measured, \\'ili be readily 
understood, and these mercury contacts ” are of great sofvice for 
the purpose. 

The different forms of conductivity cell shown are useful for 
different purposes.- When a liquid of very low* csnductivity is to 

^ Details of the method of “blackening” platinum electrodes will be 
found in A. Findlay’s “Practical Physical Chemistry” (Longmans, Croon), ' 
Chapter IX. •* 

* E. W. Washburn, J, Amer. Ghern. ISoc. 38 (1P16), 2431. 
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be teste^i, the electrodes must be lar^fe and close together, as in 
Fig. 66 ; when the conductivity of the liquid is high, the electrodes 
are farth(‘r apar^, and, in extreme cases, thec' column of liquid 
betwee'A tliQm is consVicted by using the dumb-bell form of cell 
(Fig. 67). dioth these types of cells are lilled in the same manner 
as a pipette, the side tubes eJ and K being provided for the purpose. 
When the cell has been filled, the side tubes are closed by small caps. 
Fig. 68 shows a simple form of cell very convenieiit for rou^h work ; 
it has, however, the obvious disadvantage tl^at the platinum plates, 
unless very thick and rigid, are liable to bend appreciably when 
lifted out of the cell and replaced, and a 
minute change in the distance between the 
electrodes may be produced, which will 
cause an error in the results. 

A telephone receiver is used as a delicate 
instrument to detect an alternating current ; 
(juitc a feeble alternating current passing 
through the coils of the receiver produces a 
vibration of the iron diaphragm, by alter- 
nately sucking it in and releilsing it, and 
y y the vibration gives ri.se to a very audible 

II buzz.” 

I I The apparatus kfiown as a Wheatstone 

^■‘ 1 Bridge, consisting in the simplest form of a 

11 jr stretched wire of high resistance and uni- 

form thickness, capable of being tapped at 
any point by means of a sliding contact, is 
connected up with the rest of the appara- 
tus in the method shown in Fig. 69. The 
conductivity cell is placed at R,, and a standard coil of known 
resistance is [ilaced at R.^ ; they are joined to one another and to 
the two ends of the stretched wire by stout conductors, the resist- 
ance of which can be neglected. ^ 

The coil or oscillator is then started, the receiver is raised tolihe 
ear, and the sliding-contact is adjusted until a position, X, is found 
at which there is no buzzing in the receiver. At that position, then, 
there ia no current passing through the receiver, and thq, points X 
and Y must be at the same potential. 

The current passing between the terminals P and Q of the coil 
or oscillator follows, between the points A and B, two different 
paths ; part of it passes along the stretched wire ; the rest passes 
through the resistances Rg and Rj. The drop of potential over any 
portion of either path is proportional to the resistance of that 
portion ; therefore w 


Fk;. 08 . — Coruluc- 
tivity ('ell for 
Hough Work. 
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Resistance Ro _ diffe^rence of pot( 4 ntial between- A Jfid Y 
Resistance Rj^ difference of potential bet\yeen Y and B 
Similarly, along the stretched wire, 4 * * * 

Resistance of Portion AX difference of potential bet'w^cn A and X 
Resistance of Portion BX difference of potential between X and^B 
But X ^nd Y are*at the,same potential, and consequently, * 
difference of potential ^between A and Y = difference of potential 
between A and X, and 

(liftci'i'ucr' of potential between B and Y difftTcnce of potential 
between B jind X. 



Kue 09.— ^roHsuivnieat of OoniliiotivUy (jf nn lOlontrolyle. 


It follows that < 

Resistan(;c R., Resistance of portion AX 

Resistance Resistance of portion BX 

The stretched wire is uniform in cross-section, and the resistance 
of any part of it is proportional to the length ; therefore 

Resistance Ra _ length AX * ^ 

Resistance Ri length BX 

The lengths can easily be measured, and, the resistance Rg being 
known, that of Rj is easily calculated. Its reciprocal ^ the con- 
ductivity of the cell. , * 

M.C. VOL. I. 
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be teste^i, the electrodes must be lar^fe and close together, as in 
Fig. 66 ; when the conductivity of the liquid is high, the electrodes 
are farth(‘r apar^, and, in extreme cases, thec' column of liquid 
betwee'A tliQm is consVicted by using the dumb-bell form of cell 
(Fig. 67). dioth these types of cells are lilled in the same manner 
as a pipette, the side tubes eJ and K being provided for the purpose. 
When the cell has been filled, the side tubes are closed by small caps. 
Fig. 68 shows a simple form of cell very convenieiit for rou^h work ; 
it has, however, the obvious disadvantage tl^at the platinum plates, 
unless very thick and rigid, are liable to bend appreciably when 
lifted out of the cell and replaced, and a 
minute change in the distance between the 
electrodes may be produced, which will 
cause an error in the results. 

A telephone receiver is used as a delicate 
instrument to detect an alternating current ; 
(juitc a feeble alternating current passing 
through the coils of the receiver produces a 
vibration of the iron diaphragm, by alter- 
nately sucking it in and releilsing it, and 
y y the vibration gives ri.se to a very audible 

II buzz.” 

I I The apparatus kfiown as a Wheatstone 

^■‘ 1 Bridge, consisting in the simplest form of a 

11 jr stretched wire of high resistance and uni- 

form thickness, capable of being tapped at 
any point by means of a sliding contact, is 
connected up with the rest of the appara- 
tus in the method shown in Fig. 69. The 
conductivity cell is placed at R,, and a standard coil of known 
resistance is [ilaced at R.^ ; they are joined to one another and to 
the two ends of the stretched wire by stout conductors, the resist- 
ance of which can be neglected. ^ 

The coil or oscillator is then started, the receiver is raised tolihe 
ear, and the sliding-contact is adjusted until a position, X, is found 
at which there is no buzzing in the receiver. At that position, then, 
there ia no current passing through the receiver, and thq, points X 
and Y must be at the same potential. 

The current passing between the terminals P and Q of the coil 
or oscillator follows, between the points A and B, two different 
paths ; part of it passes along the stretched wire ; the rest passes 
through the resistances Rg and Rj. The drop of potential over any 
portion of either path is proportional to the resistance of that 
portion ; therefore w 


Fk;. 08 . — Coruluc- 
tivity ('ell for 
Hough Work. 



PASSAGE OF ELECTRICITY THROUGH A SoLuTIOl^ 243 

• , 

the purest water can be attributed to tl^ fitct that. ovefti water is 
split up -to a very sinalf extent — into* H' and OH' ions. 

A very interesting case is that of the live ainmopia-compi^unds of 
platinic chloride (PtCJ,) ; it has been pointe4 out in the'iiftroduction 
thgt the chlorine atoms which form part of a stable “^roup of six,” 
(uinnot break away to form chlorne ions. Thi.s is f^iowii v(‘ry 
clearly by the fo'Jowing values for tlie coiuluetiviiy ‘ ^ 


Compound. 

or JH[(NH,)e]Cl4 . 

PtCl,t r)NH3 or 
PtCl,- 4 NH;, or 
or 

PtCb-2NH:, or 1’<[ • 


•• 

Molecular Conductivity. 

022 0 

Ufiknowu 

228 

<)(i'7o 

yory .small 


In oi'dinary salts, if the (lis.sociation into ions is complete and the 
mobility of the ions remains constant, the conductivity should be 
])i‘o])ortional J;o the concentration. Normal potassium chloride, for 
instance', should have exactly ten times the conductivity of 
decinormal potassium chloride. To express the same fact in a 
dilferi'iit way, the equivalent conductivity, which may be defined 
as tlK‘ 


iSpecific Conductivity of a Solution 
Number of Gram-eijuivalents jiresent in I c.c. 

should remain the same at all concentrations. Actual measure- 
ments show, however, that, althougli the cquivaUmt conductivity 
tends to become constant at great dilution, in more concentrated 
solutions it falls below the maximum value. This is shown - in the 
case of potassium chloride and silver nitrate by the table below, - 
which refers to a tcinpcraVire of 18'" C'. 


*' tloncentration. 

Equivalent Conductivity. 

Gram-cquivalents per litre. 

Potassium Chloride. 

Sliver Nitrate. 

10 

98-2 

(>7-() 

0-1 

112 0 

94-3 

t)01 

122-4 ^ 

y)7-8 

0 0(W 

127-:i 

113-1 

0-0001 

129-0 

115-0 

Infinite dilution. Limiting value about 

TM. 1 . 

130-0 

116-8 


The numbers given in the last line show the limiting value to which 


^ A. Werner and A. Miolati, Zeitsch. Phy.s\ Chem. 14 (1894), 510. 

^ A. A. Noyes and K. G. Falk, ,7. .4?».rr. Chem. iSoc. 34 (1911^ 464. See 
also F. W. Kohlrauseh and L. Holborn, “ LeitvemiOgeii der Flektrolytoa " 
(Teuljuor), p. 159. * 



244 


METALS ANP METALLIC COMPOUNDS 


the conductivity appbary* tp approJichl (j^Ioscr and closer as the 
dilution increases. 

The filing off equivalent conductivity at high concentrations 
is generally ^^ittributed lo the fact that, since the ionization is not 
complete at high concentrations, there are actually less ions “to 
carry the carrcnt. On the assumption that this is the only cause, 
it is pcxssible to calculate the ionization of the salt/^at any concentra- 
tidn. For instance, the equivalent conductivity of silver nitrate at 
“ infinite dilution ” is about 115*8 ; that of'^silver nitrate solution 
of “normal” strength {i.e. containing one gram -equivalent per 
litre) is 67*6. 'Fherefore, assuming that the mobility of the ions 
which do exist at normal strcngtli is the same as at infinite dilution, 

the number of the ions must be only ^ 100, or 58-4 per cent. 

of the number at infinite dilution. In other words, the percent- 
age ionization of silver nitrate in normal solution is 58*4 per 
cent.' 


The numbers obtained by this method should, howtwer, be 
regarded as only approximate; there is no justificaticn for assum- 
ing that the mobility of the individual ion remains unchanged ; the 
increased viscosity of the concentrated solution, and the increased 
tendency for undissociated molecules to attach themselves to the 
ions wdl certainly cause an error. The effect of the varying 
viscosity is often allowed for in calculating the percentage ionization, 
but the effect of the other factor is less easy to estimate. Moreover, 
as will be explained in the next chapter, certain physicists consider 
that salts are— in a sense — " completely ionized ” at all concentra- 
tions ; and if this view is accepted, the numbers evidently cannot 
be held to represent the ‘‘ percentage of ionized molecules,” what- 
ever other significance they may have. The majority of chemists, 
however, whilst agreeing that the “ ionization values ”■ — as calcu- 
lated by the conductivity method — mlty be interpreted in more 
than one way, nevertheless consider tiiat the numbers given by'vhe 
method in most cases furnish a very fair idea of the degree to which 
the molecules are broken up into ions. It is consequently of interest 
to finis^^ the chapter by giving a table showing the percentage 
ionization of some common acids, alkalis and salts, as (Calculated 
by the conductivity method.^ 


^ The numbers for the weaker acids are those of J. Walker and W. Cormack, 
Trans. Chem. Soc. 77 (1900), 5. The others are quoted from R. A. Lehfeldt’s 
“Electrochemistry" (Longmans, Green), or calculated from numbers con- 
tained therein. A. A. Noyes and K. G. Falk, J. Amer. Chem. Soc. 34 (1912), 
474, give a table showing tl^e percentage ionization for numerous salts corrected 
for viscosity changes. ,, 
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Percemtage Ionization oe^lume Common^Ciwpounds’ in N/iVSolution 
AT 18® Centigrade 

, - ^ t J - 


Compound. 

• 

F^tnula. 

1 Perc Atafte 

Ionization, 

• 

Acids. 



Hydrochloric ac'd 

HCI 

, * 93*1 ’ 

Nit lie acid . ^ . 

HNOa 

9!P3 , 

Siihdiuric acid 

H.>sd,, 

Approx. 60 

Acetic acid . . . • i 

CH3COOH 

1-30 

Carbonic acid 

H.,CO., 

0*174 

Hydrogen sulphide 

H.,S 

0 075 

Hydrocyanic acid j 

HON 

0011 

Alkal].s. 



Polassimn liydroxide ! 

KOH 

91 0 

Sodium hydroxide ^ 

NaOH 

88-0 

Barium hydroxide *. ! 

Ba(()H)o 

79 

Potassium chlorid*' 

KOI 

s.-) 

kSodium chloride ; 

NaOl 

84 * 

Sodium sulpliati' 

Na.,S(), 

69 

Barium ehloriih' | 

Jhidi, 

T.") • 

Zinc chlornle 

ZnOl.> 

72 

MagiiOHiiim sulphate 

Mgsd, 

42 

Ziijc; snlj)hn(e. ■ 

ZnSO, 

:h) 

Cop|)er sulphate 

CuSO^ 

38 


Summary. 'J'he ajiparent passage of electricity through a salt 
solution is caused, not by a stream of electrons moving from cathode 
to anode, but by the movement of charged “ ions ” towards both 
('lectrodes. The ‘‘ discharge ” of the ions on the electrode involves 
decomposition of the dissolved salt ; often secondary reactions 
occur at the electrodes. 

Wh(‘n the ions are coloured, their migration towards the electrodes 
can be observed cxperimeAtally. 'J’he moveimuit of non-coloured 
ioiewfan be followed by meahs of jelly containing a suitable indi- 
cator. 'rhe velocity is proportional to the potential gradient, and 
the rate of movement under unit potential gradient is called the 
‘‘ mobility ” ; hydrogen is the most mobile of all^ions. 

Accordhig to Faraday's Law, one gram-equivalent weight of any 
metal should be deposited at the cathode (or dissolved at the anode) 
by 96,580 coulombs of electricity, assuming that the whole of the 
current is employed in depositing (or dissolving) tlte metal. 

The conductivity of a solution is best measured by means of an 
alternating current and a Wheatstone Bridge, the solution being 
contained in a cell provided with blackened platinum electrodes. 
Specially pure water is desirably for accurate measurements of the 
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conductivity of dilute solutions. Even absolutely pure water has 
a certain small conductivity, but ordinary laboratory water has a 
much hig^e^ cofiductivity, owing to the presence of dissolved 
substances. « Solutions containing strong acids have high conduc- 
tivity, owing to the great mobility of the hydrogen ion. 

Assuming a salt to be wholly** ionized and the mobility of the ions 
to^be uonstant^ the ‘‘ equivalent conductivity ’’* should inde- 
pendent of the concentration. In practice, it falls off as the con- 
centration rises, and from the values of the e'quivalent conductivity 
at any given concentration, a rough idea of the “ percentage 
ionization ” is arrived at. 



• CHAPTER VI 

THE lONIZATlDN THEORY APPLIED TO THE 
CHEMICAL BEHAVIOUR OF SOLUTIONS 

In the last chapter, the Ionization Theory was used to interpret, 
lirstly, the movement ])roduced in a solution by an electromotive 
forci', and s<!Condly, the simple connection betuec'n the amount of 
decomijosition and tlu' (juantity of electricity winch is expressed 
by Faraday's J^aw. For the explaiiatioji of tliose electrolytic 
plienomena it is ]iot absolutc'ly essential to imagine that th(» ions 
have a free (\xistenc(‘ before the current commences to pass, 
although it «is simplest lo assume that this is the case. In Hk' 
present chapter, however, the Ionization Theory will be apj)lied to 
inlerprel clu'mical rcNictions which have, at tii'st sight, no connection 
with el(‘ci ricity. The a])plication of th(‘ notion of ionization to pure 
chemistry is mainly due to Arrhenius, who based his arguments on 
the belief that tlu^ ions, such as Na* and Cl', enjoy the same inde- 
|)cndence of motion in ordinary solutions as undissociated molecules. 
'Die success of the theory in explaining many of the facts of chemis- 
try which otluTwise would appear anomalous hxads to the conclusion 
that the lielief is justified ; there appears to be little doubt that 
ions have a real (existence in solutions to which no F.M.F. has ever 
been applied. 

Ft may, however, lie stated at once that the notion of fri^e ions has 
aroused much opposition.* Ft has been ])oint(Ml out that, whilst 
sodium and chlorine atoms dre most highly reae.tive, their ions if 
they are supposed to have a free existenci^ in sodium chloride 
solutions -must hi' looked upon as stable and inert. I’he contrast 
between the properties of th(‘ uncharged atom am^the charged ion 
is certainly most striking ; the opponents of tlu* Ionization Theory 
have been unwilling to regard tiie presenci; of an electric charge as 
sutlicient causes for this remarkable change of properties. 

'Che recent development of tlie electronut theoiy of the atom — if 
it has not entirely removed the objection-' has at least given a 
simj)le interpretation of the change of properties caused by an 
electric charge. It is considered that the number of electrons 
, 247 
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surrounding the nucleus of the atom is ej|ual to the atomic number. 
According to Langmuir/ 'these electrons ^re arranged around the 
positive nucleus, iji spherical layers or “ shells ’’r; th6 outer layer 
is the ofne mainly concerned in determining the chemical reactivity 
of the atora» , Now in the atoms of the inert gases, helion, neon, 
argon, krypton and xenon, which have no chemical reactivity, t’he 
outo layer^must be complete, stable and self-sufticing. Consider 
then the elements, fluorine, chlorine, bromine and iodine^ which 
come before the inert gases in the order of atomic numbers, and 
which therefore have one less electron in the outer shell. Here the 
atom is not stable but highly reactive ; if, however, it absorbs one 
extra electron, the outer shell will become complete, and the 
resultant ion will possess a stability comparable to that of the 
inert gases. In other words, the ions (F', Cl', Br' and I') will 
belong to the “inert gas type/’ 

Similarly, according to the ideas of Langmuir, the atoms of 
sodium, potassium, rubidium and caesium, which follow the inert 
gase^, will have one electron outside the outermost complete shell ; 
these atoms will therefore be reactive. But if the one “ valency 
electron ” is lost, the charged ion produced will now ha^fe a complete 
outer shell, and thus the positive ions (Na‘, K', Kb’ and Cs’) pro- 
duced will be stable, belonging also to the “ inert gas type.” 

Freezing-Point Determinations as Confirmation of the 
View of Independent Ions. The hypothesis of the existence of 
ions in solutions to which no electromotive force has ever been 
applied receives striking confirmation from the results of the 
determination of the freezing-points of dilute salt solutions. The 
depression of the freezing-point of a solvent through the presence 
of dissolved substances gives a means of arriving at the number of 
dissolved molecules present ; in the cases of substances like sugar 
which do not conduct electricity the method has proved quite 
reliable for the determination of molccylar weights. However, if 
the freezing-point of an aqueous solyTion of sodium chloride* of 
known concentration is determined, it is found that the depression 
is nearly twice as great as that calculated on the assumption that 
the dissolved molecules are NaCl. If there are nearly twice as 
many mtlecules'present, the fact can only be accounted for on the 
assumption that the majority of the molecules NaCl have broken 
up into halves, and it is natural to suppose that these halves are the 
ions Na' and Cl'. ' 

Other salts, such as silver nitrate (AgNOg) and potassium 

^ I. Langmuir, J. Amer. Ohem. Soc. 41 (1910), 868, 1643, See also the 
introduction^ this volume, pages 26, 26, 
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chloride (KCl), which woujd be expected tg dissociate ^jito two 
ions, also cause a depression 0 / the fre«ziAg-point, which is nearly 
double the calculated quantity ; the more dilute.'the solution, the 
more closely docs the depresKsion coincide wi^h twide thp ^alRulated 
depression ; this is evidently bcc<iuso the ionization becomes 
practically complete at high dilution. On the other hand, salts 
like sodium sulphate (Na 2 S 04 ) or calcium chloride (CaClg), which 
should form three ions, produce even greater depressions, which git 
high dilutions begin to ^approach three times the theoretical value. 

The freezing-point method evidently gives a useful alternative 
method of calculating the percentage ionization of a solution, 
although it is not applicable to concentrated solutions. The results 
obtained confirm, on the whole, those arrived at from measurements 
of the conductivity. The agreement between the values for the 
ionization determined by the two*methods is not indeed exact; 
considering the disturbing factors involved, that is scarcely to b(5 
expected. But no fair-minded person can consider the approximate 
agreemojit to be fortuitous, and the comjiarison of the “ eonclue- 
tivity ” and frijezing-point ” values must be regardi'd as a sound 
argument in favour of the ionic dissociation theory.’ 

Application of the Law of Mass Action to Equilibrium 
between Ions and Molecules. Several important developments 
of th(^ Ionization Theory were made possible by the application of 
the Law of Mass Action to the (‘quilibriuni betwei'ii ions and 
undissociated molecules. ('Onsider the equilibrium between the 
ions (M* and X') and moletmh's of an imaginary salt MX, 

M’-f X' v:iMX. 

When ('ijuilil)riuni is r(‘ached, the change 

M*-fX'-MX (1) 

is clearly ])r()ceeding at the same rate as the opposing change 

MX^-M’-fX' (2) 

Now the v(‘lo(;ity of change (1) is proportional to t he concentrations 
(Cj^j and (1^) of the ions M‘ and X' ; it can be written 

, where L'l is a constant.^ » 

The velocity of the opposing change is proportional to the concen- 
tration of the undissociated molecules (Cj^jx) and can be written 

/('aOnx) where is a constant. 

^ The comparison between the numbers obtained by the two methods is 
discussed in W. C. D. Whetharn’s “Theory of Solution” (Ca’^bridge Uni- 
versity Press), Chapter XII. % 
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Me charged even in i^he gaseous state the electrical forces acting 
between the positively char'ged sodium a'nd the negatively charged 
chlorine serve to bind the atoms together. Theib is evidence ^ that 
in the •olid, state also^the sodium and chlorine atoms retain their 
charge ; no*(Joiibt it is the attraction between the charged sodium 
and chlorine atoms which keeps the atoms in their positions in the 
crystal-strftcture, and which affords to the crystal strength and 
rigidity. In tlie crystal-structure- as d6termined by thb X-ray 
method — each sodium atom is surrounded , by six chlorine atoms, 
and in view of the closeness of the oppositely charged atoms to on(‘ 
another, and the stability of the whole arrangement, it is fairly 
clear why the atoms, in spite of their charge, cannot move from 
their mean positions under the influence of an external E.M.F. ; in 
other words, it is clear why crystalline sodium chloride possesses 
practically no electrical eonductndty. When, however, the sodium 
chloride is dissolved in w'ater, the state of affairs is different. If th(^ 
solution is veiy dilute, the distance between the oppositely charged 
atones becomes such that the attractive forces between them can 
be neglected in comparison with the force exerted by an external 
E‘M.F. All the charged atoms are perfectly free to move towards 
('ither cathode or anode, according to their charge, witliout mutual 
hindrance, and we get a state of affairs corresponding to what we 
have hitherto styled “ 100 jK‘r cent, ionization.'’ On the oth(‘i* 
hand, when the solution is concentrated, although the ions con- 
tinue to move towards the electrodes under the influence of an 
E.M.F., yet their movement is, to some extent, modified owing 
to the attraction between oppositely charged ions, Inck'cd, in 
a very concentrated solution, we may ' picture two (;hargc(l 
atoms occasionally coming so close together that th(‘ir mutual 
attraction is very great compared to the effect of flu* ajiplied 
E.M.F. ; such a pair constitute for the moment a virtually “ un- 
dissociated molecule,” although the component atoms retain th('ir 
charges. ^ 

We can picture, therefore, all possible gradations between 
absolutely free and ind(^pendent ” ions,” existing in veay dilute 
solution, and what are virtually ” undissociated molecules ” vdiich 
will be niet with only in very concentrated solutions. Clearly the 
equivalent conductivity of the solution will fall off gradually as the 
concentration rises, and the equivalent depression of the freezing- 
point — which depends on the number of units of solute having 
independent thermal movement — will likewise fall off with it. The 
whole of the atoms arc charged at all dilutions, but the freedom of 

^ P. Debyt and P. Scherrer, Phys. Zcitsch. 90 (1918), 474. Compare 
M, Bom, Sitzungsber, Preins. Akad. (1918), 604. 



* ' 

I0NIZATION IN SOLUTIONS »253 

* • ' ’ ; 

movement — or mobility~d>mimshes a| ’conefentratidA rises. ^ 
According to this yiew, the numbers given in 4^hc table at the end 
of the last chapter — numbers which purport Ig represept the 
“percentage ionization” of various solutioi!s — do notl’dhlly show 
the*“ percentage of the molecules which are dissociated*into entirely 
free ions ” ; but rather they servo at? a measure of the mobility of 
the average ion, represented as a percentage of the mobility of tTie 
same ion as it exists in a very dilute solution. 

As to whether the wetd “ ion ” should be used for those charged 
atoms which are scarcely free to move is a mere question of 
definition. 2 Some writers speak of the charged atoms of crystalline 
sodium chloride as “ ions,” although, strictly speaking, it is a 
misnomer to apply the woi'd “ ion ” to cases where the charged 
atom is unabl(‘ to move, since “ ion ” is derived from a Greek word 
meaning “ to go.” 

If we accept the view^ that the atoms are charged at all concen- 
trations, and that the “dissociation” is only restricted by>thc 
electric forces acting between the ions, it is quite easy to see why 
Ostw^ald’s Diption Law', which postulates an equilibrium between 
entirely free ions and absolutely undissociated molecules, must fail. 
Most of the recent attempts to replace it by some other law ^ which 
will explain the ex])erimentally determined variations of the 
conductiviiy, and likewise of the low'cring of the freezing-point, 
have not b( cii entirely satisfactory. Soim^ of the view^s advanced, 
although taking account of electrical interionic forc(*s, nevertheless 
draw a sharp distinction between “ free ions ” and “ bound ions ” 
(i.e. those wdiich possess too little kinetic energy to escape from the 
sphere of influence of one another) ; this sharp distinction appears 
to the present writer to be wrong. '^Du* complete quantitative 
solution of the problem is still awaited. 

If the notion of “ partially free ions ” is a true one, then it is 
quite clear that the Law of Mass Action cannot b(‘ applied, with 
accifTacy, to the equilibrium betw^ceii molecules and free ions. But 
as a qualitative, or even a rough quantitative, guide to chemical 
phenomena, the law is useful ; and it is legitimate', to continue to 
distinguish between the states of an “ undissociatedynolecule ” and 

^ See the excellent paper by D. A. Maciniies, Amir. Vhem. 6'oc. 43 (1921), 
1217. . 

2 W. D. Harkins, Proc. Nat. Acad. Sci. 6 (1920), 601, }^utsihe position well. 

S. R. Milner, Phil Mag. 23 (1912), 561 ; 25 {1913), 742 ; Trans. Faraday 
Sac. 15 (1919), i. 148 ; W. Hughes, Phil. Mag. 42 (1921), 134 ; J. C. Ghosh, 
Tram. Chem. Sac. 113 (1918), 449 ; H. Kallmann, Zeitsch. Phys. Chem. 98 
(1921), 433. Compare tho older views of W. Sutherland, Phil. Mtig. 3 (1902), 
161 ; 14 (1907), 1. A good criticism of Ghosh’^ theory is offered by 3. 
Kendall, ./. Amcr. Chem. Foe. 44 (1922), 717. 
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of a ‘‘ ion,” althougli^it should always be remembered that there 

may exist states int^ermediate in character between the two. 

Application ©f the Ionization Theory to Precipitation. The 

precipitatio/i^ of a spaYingly soluble salt by the interaction of two 
soluble ones nas been a familiar phenomenon since the days of The 
earliest ch 4 'mists, but has only' received a satisfactory interpretation 
with tjie advent of th(' Ionization Theory. < iiuTr seems litt,le doubt 
that the reactions between salt solutions are really reactions 
between ions ; the precipitation of silver cMoride caused by mixing 
solutions of sodium chloride and silver nitrate is often written, 

AgN ()3 + NaCl - AgCl + NaNO;, 

Rut it is jirobably more correct to write it 

Ag' -p Cr Ag( T 

This view of jirecipitation is supported by th(‘ fact that the same 
precipitate is produced if any other ionizing silver salt be used 
instead of silver nitrate, or any oth(T ionizing chloride be iisefl 
instead of sodium chloride. On the other hand, chlorifiC compounds 
in which the chlorine does not exist as the ion Cl', do not readily 
yield a precipitate of silver chloride with silver nitrate. The 
compound 

r (nha-| 

I^CO^^ J(N()3)3, 

tor instan(‘(\ in which the: chlorim^ foians part of a stalile " group of 
six,” gives no jirecipitate with silvm* nitrati' at ordinary t(mi[H‘ra- 
tures ; the analogous salt 



has two- thirds of the chlorine precipitated by silver nitrate at 
ordinary temperatures ; the remaining one-third is only precipitated 
on boiling. 

In tlv" majoA'cy of cases it is true to say that wheixwer there 
come together in solution two ions, the unioii of which would 
produce a salt of very low solubility, a precipitate of that salt will 
be formed. Nevertheless, there are many exceptions to the rule 
just given ; for instance, an alkaline solution of calcium chloride 
yields with sodium phosphate a precipitate of calcium phosphate, 
whilst an pcid solution yields no precipitate. Most heavy metals 
have sparingly solubles* sulphides, but only a limited number are 
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precipitaterl hy hydrogen u;lpl?ide gas ii\ tho presence oi^^a trace 
of acid. ^ 

These facts Jiavelong been known to analysts, who use them every 
day to detect, separate and estimate the d'J,erent metciJs, Never- 
theless, the average analytical clremish w^n u carv;ying out a 
precipitation— does not trouble himself with the theory of the 
process ; he is content to follow closely the detailed instructions 
found in 'the practical books, which are founded upon the ('xpe^ ience 
of others ; and, if he hap])cns to meet with a case where these 
methods fail, ho is often at a loss to account for the failure, and 
seeks to avoid it by use of some alternative method.'’ The 
empirical character of the analytical methods is no doubt i-esponsible 
for tlie fact that analysis is regarded as an unatlracti\e liranch of 
chemistry ; as a matter of fact, the theory of analytical processes 
is full of interest.^ * 

'riie application of the Ionization Theory has doni' much to throw- 
light upon the apparent anomalies of precipitation ju’ocesses. 
According to the statement af the case geiKually presented, wiun 
a solid salt stands in cquilibriam with its saturated solutioji, the 
solid is regarded as being in equilibrium with the undissociated 
molecules, which in their turn are in equilibrium with the ions. 

Solid MX Dissolved MX ^ M ' d- X'. 

It is no d('ubt more accurate to picture the equilibrium as a 
triangular one,“ 

Dissolvf'd MX 


Solid MX M' -f X'. 

Thos(^ who assume that ionization is complete at all concentra- 
tions must regard the ions as in direct equilibrium with the 
solid salt 

- Solid ^ M* + X\ 

For the sake of uniformity, the first of the three modes of thinking 
is here adopted. We shall assume that the equilibrium between 
ions and yndissociated molecules in very dilute soh:;^»ion is ^ven by 
the Law of Mass Action, although the failure of Ostwald’s Law is 
a warning not to place much reliance on the quantitative accuracy 
of the results obtained in concentrated solutions. Experiments 

^ Tho theory of analysis is explained in a most interesting manner in 
H. J. H. Fenton’s “ Notes on Qualitative Analysis ” (Cambridge University 
Press), and also in Chapter XVI of the same author’s “Outlines of Cliomistry ” 
(Cambridge University Press). * 

J. Walker, Brit. Assoc. Rep. 81 (1911), 349,* 
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dealing ^directly 'with’the^solubility ef ^ also show that the Law 

of Mass Action is not exactly obeyed, but for oyr prpsent purposes 
it can^be used a rough guide. 

When L Solution corataining a soluble silver salt is mixed with 
another containing a soluble cldoride, the ions Ag’ and Cl', fom a 
certain aipount of undissociated AgCl molecules. 

Ag‘+ Cl' ^ AgOl. " 

Although the amount formed is very smaU. it usually exceeds the 
solubility limit of silver chloride — for tlie solubility limit of this 
particular salt is remarkably low—and the formation of the well- 
known precipitate commences, the undissociated molecules collecting 
at different points to form solid silver cldoride. The equilibrium 
between ions and molecules is thus disturbed, and more ions com- 
bine together to form undissociated molecules. Precipitation thus 
proceeds until the concentration of ions is so small that they are in 
equjlibrium with the minute coneentration of undissociatod AgCl 
molecules that can remain in the saturated solution - 
Solid AgCl ^ Dissolved AgCl Ag’ + Q'. 

If, in this final state, when no more precipitation occurs, tlic concen- 
ti^ations of AgCl, Ag' and CT be C^g. and C\.y respectively, 
we can write 

^ ’I' ~ • 

But at an}' given temperature, C,^g^,| is constant, for it represents the 
solubility limit of silver chloride. 

'fherefore, C^^. >: C^,,, a constant. 

It follows that, by increasing the concentration of silver ions, we 
can decrease the quantity of chlorine ions remaining in the solution 
after precipitation. In other words, by adding a slight excess of 
silver salt to the chloride solution, the chlorine is precipitated even 
more completely than if only the theoretical quantity of silvet^salt 
is used. This is indeed a general rule in analysis ; if complete 
precipitation is to be arrived at, a slight excess of precipitant 
should be employed ; in fact, by using a slight excess of precipitant, 
it is sojoetime^possiblc to obtain almost complete pre^pitation, 
even where the solubility of the precipitate in pure water is by no 
means negligible. It should be noted, however, that in many 
cases — including tSat of silver chloride — the addition of a large 
excess of the precipitant may tend to redissolve the precipitate to 
some extent. 

^ A. A. Noyos, W. C. Bray, C. R. Bop:g8, F. S. Farrell, M. A. Stewart and 
W. J. Winninghoff, J. Afntr. Chem. (1911), 1(1413, lO.W, 1063, 1073. 
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Another phenomenon wlijch^is frequency quotad as ai^jexample 
of the same principle is *the precipitation of sodium chloride by 
hydrogen chloride! A nearly saturated solution of sodium chloride 
is prepared ; in this solution the sodium ;^id chlorine* ion^ are in 
equilibrium with a certain amouirt of NaCl molec«'i'es, but the 
solubility limit is not exceeded. Tliyc concentration (Cs^^i) of the 
undissociated molecules is given a])proximately l)y,the equatioh 

If now bydrogt'ii chlor?d(‘ gas is passed into the liquid, the concen- 
t ration of chlorine ions is much increased ; as a result the 
eoncentratiou of undissociated molecules ((■_n^.h.|) is also increased, 
and the solubility limit is passed. A considerable quantity of 
sodium chloride is thereupon thrown down as a crystalline pre- 
(‘ipitate. 

In giMjeral, we sliould expect a salt to b(^ less soluble in a solution 
containing an ion in common with itself than in pure water. This 
is indeed usually found to b(‘. true. The solubility of silver aci^tate 
in w'ater, for instance*, is h'sscned by the* [iresenee* either of silver 
nitrate or oft sodium acetate.^ 

Another important effect of the reduction of ionization due to a 
“ common ion ” is the alteration in the prcci])itating powers pf 
certain reagents. The aqueous solution of ammonia (NHn) contains 
the; hydioxide (NH,()H) which behaves as a weak alkali, being 
dissociated Ihus 

NH.OH NH; + OH'. 

If the salt ammonium chloride (NH/'I) is added tf) the solution, it 
largely increases tin* concentration of NH,’ ions, aiul eonsecpiently 
aids the reaction in the “right to left” direction, whilst not 
correspondingly aiding the “ left to I’ight ” change. As a result, 
ammonia containing ammonium chloride yields a smaller concentra- 
tion of (OH)' ions than ampionia witliout ammonium chloride, and 
beh^tves consequently as a weaker alkali. If, for instance, ammonia, 
is added to a magnesium cliloride solution, the concentration of 
(OH)' ioiis is sutlicient to ])recipitate magnesium hydroxide, 
Mg(OH)2 i hut if ammonium chloride is present, no precipitate is 
produceek ^ * 

Rather similar to the influence of ammonium chloride on ammonia 
is the effect of the presence of sodium acetate in reducing the 
ionization of acetic acid. When to a solution o^ acidic acid a little 
sodium acetate is added, the equilibrium 

CH3.COOH y^iCHa.COO' 4 - H’ 


W. Nemat, Zeitsch. Fhys. Chem. % (1889), 612. 
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is shift^(J^ in the “ i:ight to left ” .sense owing to the excess of 
(CH 3 .COO)' ions ; thus aceCic acid Behaves as a weaker acid in the 
presence of an acotaie than in the absence of ai. acccate. 

Another example which is of interest in analysis is the effect of 
acidity upo*\ the ionization of hydrogen sulphide. A solution of 
hydrogen sulphide (H2S) is a weak acid and contains the anions 
HS' and S" ; 

HoS ^ HS' + 

H^S^S" +2H* 

its precipitating power depends upon the presence of these anions. 
Now the presence of a strong acid, like hydrochloric, by greatly 
increasing the concentration of hydrogen ions present, shifts the 
equilibrium in the “ right to left ” direction, and so reduces the 
amount of (HS)' and S" ions present. Consequently only very 
sparingly soluble sulphides- -such as those of mercury, lead, bismuth 
and copper — are precipitated by bubbling hydrogen sulphide 
through a salt solution containing hyckochloric acid. However, if 
the solution is acidified with a weaker acid, such as acetic acid in 
the presence of sodium acetate, other sulphides- - rather more 
soluble than those just mentioned- are precipitated by hydrogen 
sulphide ; zinc sulphide, for instance, is precipitated from a solution 
containing acetic acid, but dissolves again if warmed with a large 
excess of hydrochloric acid. 

Other sulphides — such as manganese sulphide — are too soluble 
to be precipitated from an acetic acid solution, but are thrown down 
from a solution made alkaline with ammonia, for in such solutions 
the (HS)' and S" are still more plentiful. The precipitate of 
manganese sulphide is soluble in acids. 

For similar reasons calcium oxalate can be thrown down on the 
addition of ammonium oxalate to an alkalim^ or neutral solution 
of calcium chloride, but not when the solution is acidified with 
hydrochloric acid ; on the (‘ontrary,- the precipitate- of calcium 
oxalate readily dissolves in acids. Oxalic acid (H2C2O4) is a idther 
weak acid and contains but few ions of the type ((’2O4)" ; on the 
other hand, ammonium oxalate is strongly ionized, and when Ca" is 
present along with these ions, the solubility limit of calcium oxalate 
is usually passed, and the salt comes down as a precipitate. 

In the systems of inorganic analysis commonly employed, advan- 
tage is taken of tjie difference in the solubilities of the hydroxides, 
sulphides and other salts to obtain an almost complete separation 
of the metals from one another. 

Complex Ions . It has already been stated that the addition of 
a slight excess of the^ precipitant usually renders the precipitation 
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more complete. There are/howevdi*, many notewf)rthy excejptions. 
If potassium cyanide is addefl tA silver jpt^ate' a white prempitate 
of silver cyanide, AgCN, is obtained, but if • further potassium 
cyanide is added, the precipitate redissolves. The phenomenon is 
attributed to the formation of the pomplc:# salt KC^^.AgCN or 
K[A^{CN)2], which ionizes into K’ and [Ag(CN)2 r. solution 
of this complex salt contains so few Ag‘ ions that it give* no prg- 
cipitate with sodium chlowde. That the Ag- ions aif; not tnjirely 
absent is shown by the fact that the liquid gives still a precipitate 
of silver sulphide when liydrogen sulphide is bubbled through the 
solution. Silver sulphide is even more insoluble than silver chloride, 
and requires a smaller concentration of Ag’ for precipitation. On 
electrolysis of the solution of the complex c-yanide, it is found that 
the silver migrates— as a whole- towards the anode, instead of 
towards the cathode. 

Many other metals form these complex cyanides, which do not 
show the reactions of the ordinary salts of the metals in question. 
For instance, the salts • 

Potassium cobalticyanide . . l\;t[Oo(( !N)c | 

Potassium ferricyanide . . . K:,| Fe{(JN)9 1 

Potassium ferrocyanide . . . K4|Fe(CN)6l 

fail to show the ordinary reactions of cobalt and iron salts. 

Many la" the insoluble sulphides — for instance, those of arsenic 
and antimony-dissolve in ammonium sulphide, forming soluble 
complex .sulphides. There seems little doubt that small amount of 
complex ions exist in many solutions of ordinary double salts. A 
solution of carnallite, (KCLMgCL-bH.!)) for instance, contains for 
the most part the simple ions K’, Mg” and CF ; but there is reason 
to think that in concentrated solutions the salt also exists to a small 
extent as Iv and [MgClaJ' ions.* 

The (‘ffect of a “ common ion ” on the solubility of many sparingly 
soluble salts often points to the partial formation of complex ions 
even ^Iien the complex salt is not known in the solid state ; silver 
chloride is ])ractically insoluble in pure water or in dilute hydro- 
chloric acid, but concentrated hydrochloric acid has a very 
appreciable solvent action on the salt. This suggests the partial 
formation * of a soluble complex chloride, ^ possibly H[^gCl2]. 
Silver chloride is also distinctly soluble in a strong solution of 
sodium chloride. The solubility of lead chloride^^is diminished by 
the presence of potassium chloride — as one would ejJpcct from the 

* K. Abegg and G. Bodlftnder, Zeiisch. Anorg. Chem. 20 (1899), 474. 

^ Compare E. H. Riosenfeld and H. Feld, Zeii/tch. Mektrochem.^26 (1920), 
280, who find that in such solutions .silver move^ to the anode. 
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princijjje of Mass Ajption — and is apparently slightly reduced by c 
small addition of lead iiitiiate, hni' 'a fuHher addition of lead nitrat( 
increased the scjulhlity . ^ 'Fhis may point to a complex salt of th( 
type <Fl3(,d]N03. 

Very int^^resting information regarding the (‘xistence of complex 
ions is given by the electrolysis of a solution. In a concentratec 
solution ’’containing potassium iodide and cadmium iodide, it if 
foun l that Ihe cadmium moves on ‘ elec tn') lysis to the anode 
Presumably, therefore, a complex .salt is formc'd, such as KoCdl,,' 
\vlii(;h ionizes into 

2lv‘ and KMI J". 

Anotlu'r view ’’ is that the comj)lex salt formed is K(\li., ionizin*. 
to 

K' and [CdL,]'. 

Whichever view is adopted, it is clear that (he cadmium will mov^( 
towards the anode when an E.M.E. is applied. When th(‘ solutioi 
is<- diluted, the movement towards the anode' becomes less jU’o 
noimced ; it would appear therefore' that the' complex ions hn'al 
"up to some extent 

\iM\,r 41 ' + evr 

‘and that the movement of the (‘d" towards tlu' cathode parti} 
compensates for the movement of | CdU ]" to the anode. 

In the last chapter it was pointed out that in a concentratec 
solution of simple cadmium iodide the cadmium moves towards the 
anode. This was explainc'd by the attachment of ( VII 2 jnolecuh'f 
to the iodine ions ; if it is imagined that definite' complex anioiif 
are formed in this way, this vie-w is ecpiivadent to ic'garding the 
apparently simple salt (JdL as a complex salt 
CVl [CVl 1 ., I or perhaps ( VI i ( V 1 1 3 1 .. 

In dilute solutions, the eomjilex bieaks u}> and cadmium movcf 
towards the cathode. 

Reference may also be made ha the colour of cobalt Salts.'* 
Solutions of simple cobalt chloride are, at ordinary temperatures 
red. The red colour is apparently due to Co" ions, for the rec 
consti^tuent— 4vvhen the solution is electrolysed — moves towards the 
cathode. Solutions of cobalt chloride containing calcium chloride 
are, how^ever, blue, and, on electrolysis, the blue constituent is fount 

1 A. A. Noyis and W. C. IJray, J. Ainn', Chem. Soc. 33 (1911), 1048. 

2 A. Jacques, “Complex Ions in Aqueous Solutions ” (Longmans, Green) 
pp. 16, 17, 

® J. W. McBain, Zcitucli. EUktrocheni. 11 (1905), 215. ISoo also R. G 
van Nami- and W. G. Brown, Ajner. J. Sci. 44 (1917), 453. 

* F. G. Donnan andtH. Bassett, Jiuir., Trans. Chem. Soc. 81 (1902), 939 


I 



loJriz-ATioir in/solutons, Sei 

to move towards the anode.* •|t Is thougiit,YhcW>re, that Uic blue 
solution coutaias a«c;omplcx salt, • ^ 

CaClo.CoCU or Ca[CoCl 4 |, yielding the ioiif^Ca” and 
The i)liie colour is attributed to tlu'- complex anions* containing 
cobalt. It is inter('sting to notice ^hat the solutions (^f cobalt 
chloride containing yJnc chloride arc red, and that 4 he red con* 
stituent moves- as usual- towards the eathod(‘. Apparently in tht;* 
double chloride of zinc ai^ cobalt, it is the zinc, and not the cobalt, 
which (‘liters the complex anion— a fact ([uit(^ in keeping with the 
known tendc'iK^y of zinc to take part in the formation of complexes. 
Thus, calcium cobalt chloride and zinc cobalt chloride are radically 
diff(‘rent - 

(UCL.Co(d.^ or ( 'a[(i)Cl., |, ionizing into (’a“ and [(V)(d,|" (blu<‘) 
ZnClo.Cotd. or ('o|ZnCI,l, ionizing ifito IZnCl^]" and Co” (rc'd) 

Character of the Precipitate. The character of the pi ecipitatc 
formed when two solutions arc mix(‘d depends on many factoids. 

If the degr(‘e of su])cr-satu ration is v(‘ry gnxit, crystallization is 
likely to start a1>a wry large number of points and a fine precipitate ’ 
results ; many of the practically ‘‘ insoluble ” substances, such as 
barium sulphate, are thus pi'oduced as very line precipitates. On* 
the other hand, when the degn'c of super-saturation is only moderate, 
crystallization will start at relatively few points and crystals of 
a])preciable size* are produced ; .sodium ehlorid(‘- -[)recipitated from 
a solution by hydrochloric acid- comes down as a visibly crystalline 
precipitate. Potassium platinuiyanide -produced on mi.xing a 
solution of potassium chloride witli a .solution of platinum chloride 
is another examj)le of a erystalline precipitate. Both the.se salts 
hav(‘ a solul)ility far grc'ater than that of barium sulphate, and the 
degree of super-saturation prcxlueaxl at the moment of mixing is 
not very great. 

Jn the preci])itates of tlu^ com])aratively soluble substances, 
which f[iv produced comparatively slowly, a geometrical crystalline 
form of grain is often developed and can be ob.served if the precipi- 
tate is examined under the mieroseopm In other cases, crystal- 
skeleton.1 and dendritic forms are produced. Where, *!iowev(‘^‘, the 
degree of super-saturation is gri'at, and th(‘ pri'cipitate is very 
Hue, it is impo.ssible to make out any detinitc cry.stalline form even 
under the most powerful microscope. Such t*recipitate.s are 
often referred to as “ amorphous.” 

It is, however, thought by some chemists- -notably by von 
Weimani — that the ‘‘ amorphous grains ” are really aggregates of 
minute crystalline particles. This point of vigw is supported by 

the followincy nhflPrArnfif^nfl rJt rtinnrraiioao tmlTkVko+xi 
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and bariiiin thiocyanate (two cxceptioimlly soluble salts) are mixe 
together in very concentrated solutions, a gela'i/inou-s precipitate < 
bariuiin r sulphate is ^ obtained. From solutions of intermedial 
concentratton, the familiar fine amorphous precipitate of bariui 
sulphate is thrown down. Ijy using, however, more dilute solution 
4tar-shapcd crystal-skeletons and needles arc obtained, which ca 
d)e rVicognized by examining the precipitate uiider the microscope 
evidently, the effect of using more dilut^ solutions is to diminis 
the, degree of super-saturation, and, the number of nuclei produce 
being smaller, the individual crystals attain a larger size. If tl: 
dilution is still further increased, the growth is slower, and tl 
precipitate contains grains of well-marked geometrical outline — thf] 
is to say, characteristic microscopic crystals. If the concentratic 
of the solutions is reduced brlow about N/7,000, no precipitate 
produced even after many years. ^ 

^Many other of the highly insoluble substances which are con 
monly produced as apparently structureless precipitates can I 
obtained as crystals of a size visible to the naked eye when tt 
reacting salts are allowed to come together very sl6wly in a dilui 
solution. 2 

Much more direct evidence of the crystalline character of appai 
ently amorphous precipitates has lately been afforded by tli 
X-ray study of precipitated silver chloride and silver bromide ; 
has been shown that these precipitates consist of minute crystallir 
particles, which arc too small for recognition under the microscope 
The atoms in each particle are found to be arranged on a cub 
lattice, the arrangement being the same as in silver bromide crysta 
prepared by the solidification of the fused salt.'' 

Reference may hero be made to the gelatinous precipitates, ( 
which the hydroxides afford many examples. In outward appea 
ance, they would seem to be entirely structureless, but it is ver 
likely that Iktc also we have to deal with aggregates of very sma 
particles, probably of a crystalline character. Apparently it is tl: 
most insoluble substances which tend to be thrown down i 
gelatinous form ; as has been stated above, barium sulphate ca 
be th’^own dbvn in a gelatinous form if very concentrated solutioi 
are employed. Presumably the degree of super- saturation is i 
such cases very great, and the particles produced are very sma 
and very npmbrous. On account of the very small size of tl 
primary particles, they readily link themselves to one another 1 

^ P. P. von Weiraarn, Koll. Zcitsch. 3 (1908), 282. Soe also W. D. Bancrof 
J. J^hys.tChem. 24 (1920), 100, who restates von Wcirnarn’s views in a luci 
manner, discarding rnuch that is open to criticism. 

“ Soo O. Lehmann, ^ Molekular Physik ” (Engelmann, 1888), Vol. I, p. 51 

« R. B. Wilsey, Phil. Mag. 42* (1921), 262. 
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form secondary aggregates, tand much wa^cr^s included within the 
network of particles thus obtained. This (pauses the gelatinous 
character of the precipitate. The gelatinous' ^state is further 
considered in the next chapter. • • ^ 

Although von Weimarn is probably quite con'ect fh saying that 
the ultimate particles of many apparently amorphous precipitates 
are crystalline, ybt it spems very possible that t^ly amorphous 
precipitates may also exist, in which the ultimate particles can ’be 
regarded as drops of s\ipor-cooled liquid — or as globules of a glassy 
character.^ 

The so-called “ membrane ’’ precipitates deserve brief notice 
at this point. When a single drop of copper sulphate solution is 
cautiously introduced into the centre of a solution of potassium 
ferrocyanidc, the drop becomes surrounded by a thin membrane 
of insoluble copjier ferrocyanide, ^Iiicli keeps the copper sulphab^ 
within it from intermingling further with the solution outside, so 
that the drop remains separate from the rc.st of the liquid. »This 
tenacious and apparently elastic skin seems to consist of particles 
of colloidal ^sizc and is threaded by channels of about 10-20 y//. 
diameter which are impermeable to the two reacting salts.- 
“ Membrane precipitates ” of a rather similar character are often 
seen when hydrogen sulphide gas is bubbled through the solution 
of the sad of a metal having an insoluble sulphide. 

Often the very fine precipitates formed at the moment of the 
mixing of the precipitants rapidly become coarser. This is well 
seen in the case of silver chloride. When hydrochloric acid and 
silver nitrate are mixed, the particles of silver chloride are very 
small at first, but soon commence to adhere to one another, forming 
'' clots ” of considerable size. In many cases, the presence of 
small quantities of electrolytes in the solution have a marked 
elTect upon the adhesion of the particles to one another ; the 
factors involved are similsir to those governing the flocculation of 


coMoid solutions a subject ^which is discussed in the next chapter. 

Another well-known case of coarsening is that of barium sulphate. 
When first produced this precipitate is usually so fine as to pass 
through ordirfary filter-paper. But if it is allowed to stand for some 
time in •contact with hot water containing a trace of hy-ttrochloric 
acid and ammonium chloride, the grain becomes coarser and the 
precipitate can no longer pass through filter- paper. This is usually 
attributed to the fact that the larger grains grow nt the expense of 


^ W. D. }3ancroft, “ Applied Colloid Chemistry ” (McCraw-Hill), 1921 
edition, p. 166. > 

® F. Tinker, Proc. Roy, Soc. 92 [A] (1916), ^357 ; Trans. Faraday Soc. 
13 (1917), 133. 
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the smaV'ir ones.. K^^perjmental investigations have been carried 
out which are interj^reted its showing that very small grains of 
barhim sulphate are ranch more soluble than tlic larger grains.^ 
A solution tvhich is snpty’-saturated with respect to the larger grains 
may yefc be Wsatu rated with I’espect to the smaller grains. The 
small amount of hydrochloric acid present is siipposetl to have a 
palatial solv^ent ^ction on the barium sulphate ; the smallest grains 
ar6f> midnly attacked, and, since the solution produced is* super- 
saturated with res])eet to the large grains, doposition occurs on the 
large grains. This renders the solution again unsaturated with 
respect to the smaller grains, which arc further attacked, and the 
process of the dissolution of the small grains accompanied by the 
growth of the big grains proceeds until all the small grains have 
disappeared. 

Recent work, however, would* tend to show that this is not the 
mam cause of the coarsening of barium sulphate, which is largely 
due to the fact that the fine particles first produced adhere together 
to form secondary aggregates. - 

Evolution of Gases. Hitherto we have considercal only the 
separation of solids ; the chaptia* would be incf)mp^ictc if some 
slight reference were not mad(‘ to the separation of gases whem their 
solubility limit is exceeded. 

The principles which determine the evolution of a gas are essen- 
tially the same as those determining the precipitation of a solid. 
Carbon dioxide dissolves in water, yielding carbonic acid (H2CO3), 
which forms salts (the carbonates) with metallic oxides ; but 
carbonic acid is a weak acid, and the solubility of carbon dioxide is 
small. Therefore', on the addition of a strong acid to a solution of 
a carbonate, carbon dioxide gas is evolved. It is not evolved, 
however, by acids like hydrocyanic, which are very much weaker 
than carbonic ; on the contrary, carbon dioxide will slowly expel 
hydrocyanic acid from the cyanides. 

Even strong and soluble acids, like nitric and hydrochloric, .are 
evolved— owing to their volatility wllcn nitrates and tshloridcs arc 
heated with the less volatile acid, sulphuric acid ; thus nitrates and 
chlorides can be converted into sulphates. The change is im- 
portant both in l-ndustry and in analysis. , 

But even sulphuric acid (or the anhydride*, ftOa) is volatile at a 
higher temperature, and by heating a sulphate with the non- 

r 

^ G. A. Hulott, Zeit.ich. Pliys. Chon. ,37 (1901), 385 ; VV. Ostwald, ZvAtmJt. 
Phys. Chon. 34 (1900), 503. Tho quantitativo conclusions of those writers 
aro not universally accepted at the pro.sent time. 

^ Sven Oden ; Svon.sk Kern, d’idskr. 32 (1920), 108 ; Ab.stract, Chem. 
Zentralblatt, 91 (1920), iif. 705. 
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volatile boron oxide it is possibly to expel the Jtlphuric 

anhydride, and convert the sulphate fnto a Jjorate. This is an 
interesting cimnge because it represents an example of a rar(‘, 
phenomenon — the expulsion of a fairly stropg acid (sidjiniTic) by 
a vieak one (boric) ; it is rendered possible only by the non- 
volatility of the latter. * 

Sumijiary. Tlie hypothesis of the independeci existence of 
charged ions in ordinary solutions leads to a rational explanatidn 
of many peculiar facts Concerning the precipitation and dissolution 
of sparingly soluble salts. The hypothesis is supported by the 
abnormally low values for the lowering of the freezing-point of 
water by salts. 1'he applicatioji of the Law of Mass Action to th(‘ 
efpiilibrium between ions and unionized molecules leads us to expect 


that the ('xpression 


Y{1 a) 


shoulA be constant for a giveii binary 


salt at all dilutions. For weak acids anfl alkalis this is found to be 
true, but for salts, except at extremely great dilution, it is%far 
from true. The failure of “ Ostwald's Dilution Law -as it is 
called - is b('st. explained by tlie assumption that it is impossible 
to draw a sharp line of distinction betweiui “ free ions ” and 

undissociated molecules.” The atoms are charged at all dilution^, 
but the attraction lietween oppositely charged ions —even at a 
distaiK^e — rauscs some restraint on their relative motion : probably 
the so-called “ undissociated molecule ” is merely aji extreme 
example of the same sort of restraint. 

Nevertheless the notion of ionization can be a])plied qualitatively 
with great success to explain the various reactions used in analysis. 
It explains, for instance, why an insoluble salt is rendered less 
soluble by the jiresenee of a common ion in solution ; why ammonia 
is I'cnderc'd a weaker alkali by tiie ])resence of ammonium chloride, 
and acetic acid a weaker acid by the presence of sodium acetate ; 
why sulphuretted hydrogi*n will only precipitate metals with 
cxeefitionally insoluble sulpirides from acid solution, but will 
precipitate otlu'r tnelals from alkaline solution ; and, lastly, why 
calcium oxalate can be thrown down from ammoniacal solution, 
but dissolves iii hydrochloric acid. ^ 

Often, fiowovcr, a precipitate rcdissolves in cxca^ss of the* precipi- 
tant, and this is attributed to the formation of complex anions. 
The explanation can in many cases be verified by the migration of 
the heavy metal towards the anode- instead of the 'cathode — when 
the solution is electrolysed. 

The character of the precipitate produced depends on the degree 
of super-saturation. Oomparatively soluble salts like* potassium 
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platinicMoride uomcf cjown as cryi^talline precipitates. More 
insoluble substanceSf like barium sulphate, are ^commonly thrown 
down in a fornj 'that is apparently amorphous — sometimes even 
gelatinou^: • From more dilute solutions, however, the same salts 
are produced as crystalline precipitates, and it is reasonable to 
suppose tjiat many of the Sb-called amorphous precipitates are 
really aggregates of extremely fine crystjils. 
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. CHAPTER Vll 

THE COLLOIDAH STATE IN METALS AND METALLIC 
COMPOUNDS 

In tlic last chapter, reasons have been given for thinking tliat ii 
the ordinary solutions of metallic compbnnds, the particles oi 
s(.)lutc are for the most part electrically charged ; in instance? 
where there is little dissociation into clectrihed ions — as in the ease 
of the hydroxides of the heavy metals— the solubility is usually 
very small. In the present chapter, it will be shown that^ maii^ 
substances which, under normal conditions, are nearly insoluble ii 
water, can nevertheless be obtaimjd in a state of “ colloida 
solution,” and that the particles existing in these colloidal solutioni 
are also electrically charged. Moreover, the electrification appear; 
to be essential for the stability of the system because, if the chVg< 
bo removed, precipitation of the dissolved substance nearly alwayi 
occurs. 

Colloidal solutions are referred to by many writers as “ sols ” 
where the “ dispersion medium ” — the solvent or liquid throughou 
which the colloid particles are dispersed- is water, the colloida 
solution is referred to as a “ hydrosol.” 

I'he colloidal solutions of solid substances which under ordinar 
(urcumstances are nearly insoluble, may be regarded as suspension 
of the substances in particles of such small size that they ar 
indistinguishable to the -eye, and fail to settle, remaining suspendei 
ifl the liquid indefinitelv; they may conveniently be caller 
“ suspensoids.” There is another class of materials, howevei 
which form colloidal solutions ; these include complex organi 
su bstances fike gum and gelatine. The ordinary solution of gelatin 
c;ontafns particles of colloidal size, and the solution has%nany of th 
properties of the suspensoid sols referred to above. It appeal 
permissible in such a liquid to identify the colloid particles with th 
molecules of gelatine,’ and to ascribe the'faet that a gelatin( 
solution possesses colloidal properties to the fact that gelatin 
consists of extremely large complex molecules ; many chemist 

^ Compare J. Loeb and R. F. Loeb, J. Oen. FJiysiol. 4 (1921), 187 ; especial! 

nn,T«« 9m ‘ilO 
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however, clfiisider ^hia a'wr/oiiff view, a^id rej^ard the colloid particles 
of a gelatine sol as aggregates of molecules. Tlu^e ia^ no need to 
enter into this cgfitroversy, which has been caused mainly by 
different co^.cr'ptions of what the word molecule ” moans. It is 
enough to point out that colloidal solutions of these complex bodi(5s 
possess certain properties ratlft'r different from those of the 
susj)ensoid colloirls referred to above ; they aevm to resfinble 
enurlsion's (i.e. systems consisting of drops of one li(piid suspended 
in another), rather than suspensions of solid ‘oodies, and tli(‘y are 
therefore termed “ emulsoids.’* The colloid solutions of emul- 
soids diff(‘r from those of suspensoids in being viseons and in general 
more stable ; when they suffer change*, the emulsoids tend to 
“gelatinize/’ whilst, in a suspensoid sol, the* ])articles tend to 
aggregate together to form a precipitate which selth's to the ])ottoni 
of the liquid. * 

But, although the* terms 'suspensoid” and ” eniulsoid ” are 
convei;ient, it is a mistake to regard it as certain that the so-called 
suspensoid sols consist of solid particles in a liepiid, whilst the 
so-called emulsoid sols con.sist of liquid globules in another liquid. 
It appears to the present writer that the sharp distinction between 
solids and liquids may not be maintaimxl in reference to ])artieles 
of Sizes conqiarable to that of a molecule. In any case, the fact 
that a sol has a high viscosity cannot bi* tak(‘n as a certain proof 
of an emulsoid character. The viscosity depends on many factors ; 
for instance, sols containing small particles have usually a much 
higher viscosity than .similar sols consisting of large particles.^ 
There appear to be cases of colloids possessing transitional pro- 
perties between those of suspensoids and emulsoids. 

It was stated in the introduction that colloidal solutions diff(*r 
from ordinary solutions mainly in the size of the particles. Tin* 
colloidal solution of a sus])eMsoid is intermediate in character 
between a true solution on the one hand vnd a tr\ie suspension on 
the other. There is probably no sharj) line of division betweCii 
the three classes. The following table, which gives tlu^ diameter 
of the })articles occurring in the various eases, illustrates the 
transitioji from one type to the other.- ' ’ 


Ordinury Molecular .size ; — 
Hydrogen molecMiIr 
Water molecule 
Sodium chloride inolee.jle 
Chloroform molecule 


-OOUOUOI itiin. 
U-i:i///< OOOOOOiy mm. 

0-2()////. ^ •00000020 mm. 

0-8//// 0000008 mm. 


^ Th. SvedlxM’g, Trans. Taraday Sor. 1 (> (1021), Apjxxidix, j)p. 7, 8. 

“ Partly taken from W. Ostwald, " Handbook of Colloid Chomiylry ” ; 
translation by aL H. Fischer, with notes by B. Hatschek (Churchill, 1019), 
pp. 30, 31. * 
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Colloidal aizo : — I ’ ^ 1 ^ 

Gold colloid particle . , * . • . 2 1^) ~ -000002 to '^000015 mm. 

Starch “ mol ecu ” . . , 5//// «- "OOOOO.^ mm. 

Precipitateil gold pai-ticle . . TO/y//, -(100075 mm. 

Particles in Suspensions and Plmnlsions ^ *1 ’ 

JVlastic susp('n,sion, partich> . . ‘O-n to l/t -0005 '*0 -001 mm. 

Fvaolin pai-tich's (china clay) . . j/y to lift -001 lo -003 mm. 

♦ Globule.s of fat in milk . . 2//, lo 10//, - -002 fo -^1 mm., 

(iVeO .-*-1//// ^ -OOOOOl mih. ; 1// ^ 001 mm.) ’ , ^ 

A spe(;ial interest attaches to colloidal solutions owing to the 
fact that (he particles are large enough to he detected by means of 
the nltra-rnieroseo]X‘, and yet small enough to show appreciably 
th(‘ motion, known as “ Brownian Movement,” wdiich indicates the 
thermal agitation existing in a solution. Whereas, in the study of 
ordinary solutions, we can merely watch the combim'd effect of th(‘ 
movement of millions of molecules or ions, it is possible — in 
(colloidal solutions — to ob.serve the motion of tin* individual 
jiarticles. j 

TIk' ([('tails (.)f the d(\sign of the ultra -microscope^ as developed 
by Zsigmor.dy and Siedentopf, must b(‘ sought elsewhere.^ The 
principle, however, is simple enough. In the ordinary forms of 
microscope^- as opjiosed to the ultra-microscope — the objects ^ire 
viewed by transmitted light. An opaepie particle \\ill therefore 
appear bl;jck agaiiLst a light background. Jt is found, however, 
that very small particles cannot be detected at all by transmitted 
light, since the minute blocking out of light due to any one tiny 
particle will be inapju’eciable to the ey(', owing to the vastly greater 
amount of light which still reaches the ('ye from ]H)ints all round the 
])article. If, however, the arrangement of the micr(j.seo])e is such 
that none of the light used for the illumination can enter the 
micros(’o])e tube mile.ss it is (leff('ct(Hl from its mjrmal course by 
striking on some sirspeiuk'd body, then we may hope to see any 
minute jiarticles suspended in a transparent li(]ui(l, as light points 
oif an absolutely black bac^eground. 80 long as the illumination 
is very bright, and the power of the microscope high, it will be 
possible to detect and count particles of very minute size, although 
no au’cct information regarding the size or shape there!)y afforded. 
Such is* the principle of the ultra-microscope. * 

In Fig. 70 is shown, diagrammatically, the essential difference 
in the principles of the ordinary microscope, (A) and the ultra- 
microscope (B). In A the liquid L is illuminate(i from belov , and 

^ K. Zsigmondy, “ Colloid.s and Ihn Ultra-Microscope," translation by J. 
Alexander (Wiley); 11. Zsigmondy, " Kolloid Chemie ’’ (S^igmer) ; E. F. 
Burton, " Physical Properties of Colloidal Solutions ’’ (Longmans, Green). 
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the suspe^ed particle^; when seen froli /above, will appear black 
against a white backgroiiifd /if indeed they are visible at all). In 

B the liquid is» illuminated 


/4jf/s 
\MicroscopA 




b II,' ; 'i 


'U^ht 

(A) 



IB) 


70. • — 'I’lio Essential Difference be- 
tween {A) the Ordinary Micro.scope, 
(i?) the ITltra-Mioro.snopo. 


visible ; if the air was free 
from dust, the ” path *' of 
the light would not be de- 
tectable by the eye at all. 
Now, if instead of viewing 
the path of the light from 
the side, tlie eye is placed in 
the beam itself, no dust- 
particles are seen ; tin* eyt* 
is merely dazzled with the 
intense general illumination 
which reaches it. 

In the j)lace of the dusty 
air, we can substitute a glass 
jar containing a colloidal 
solution. If this js viewed 
by transmitted light, it 
appears to be transparent; 


from the side, and the sus- 
pended particles appear 
white against a dark back- 
ground. , 

The matfter is madfc even 
clearer by an example 
familiar to all. If a beam 
of sunlight is allowed to 
enter a darkened room 
through an aperture in the 
shutters, the particles of 
dust suspended ii\ the aii’ 
along the path of the beam 
appear brightly illuminated, 
provided that they are 
viewed from the side, so 
that they “'show up ” 
against the dark w'alls of 
the room. It is due to this 
fact that the “ path ” of the 
light-rays through the air is 





Fic. 71. — The Ultra-Microsoopo. 


if, however, it is viewed from the side so that only light deflected 
in its direct course by striking the colloid particles can reach 
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the eye, a turbidity can detected. AA(!\ if, iurther, tj^e naked 
eye is aided by a high-powel* nacroscopp, placed at right angles to 
the direction ot tile light, the individual particles wliicli are re- 
sponsible for the scattering or deflection of the light per- 

haps be made ouL— provided the illumination is sufficient— and 
wilf then appear as bright points dancing upon a black back- 
ground. In Fig. 71 light from an intense source (provided for in- 
stance by a pointdlite lamp) is directed by means of the condenser 
C upon the colloidal solution placed at B, which is examined by a 
microscope A placed at right angles to the direction of the light ; 
by an arrangement of this kind the individual colloid particles can 
b(‘ observed. 

The older forms of ultra-microscope (Miable the observer to count 
particles as small as but the newer form of ‘‘ immersion ” 
ultra- microscope, which has much more intense illumination, 
allows them to be counted down to whilst it detects particles 
of even smaller sizes. ^ 

The “ Brownian Movement ” of the particles, as seen when a 
colloidal solution is observed in tlie ultra-microscope, is most 
interesting, ^f, for example, a solution of gamboge or (aioutchouc 
is studied, the particles will be seen darting about in haphazard 
fashion, and frequently changing their direction. Various observeiis 
have studied the course follow^ed by mdividual colloid particles, one 
cxperimenhT using the principle of the cinematograph for the 
purpose.2 All observations indicate that the path follow'cd by an 
individual particle is of an irregular zigzag character ; the irregular 
and liaphazard motion is usually ascribed to the fact that the 
chance impacts of the liquid molecules on one side of the particle 
may, at a given moment, happen to exceed those on the other side, 
whilst at the next moment, the state of affairs may be n'versed. 
Careful research has shown that the visible movement of the colloid 
particles is governed by just the same laws as appear to govern the 
mo^ments of the invisible niolccules of gases and liquids, and it is 
possible to regard the Browtian Movement as an ocular demon- 
stration of the correctness of the kinetic theory of gases and liquids.^ 

The; Browny^n Movement, as w^ould be expected from kinetic 
consideriybions, falls off as the particles increase in size. ^ The fat 
particles in milk exhibit it to a small extent, whilst particles larger 
than about 3-b^ do not show Brownian Movement at all. Evidently 

• 

^ CJ. King, J, Soc. Chem. Iml. 38 (11)19), Gt. The inalrumeni is described 
by R. Zsigmondy, Phys. Zcitsch. 14 (1913), 975. 

* V. Henri, Oomptes Pend. 147 (1908), G2. 

* J. Perrin, Comptes Pend. 146 (1908), 967. See also J. Pencil’s excellent 

book, “Los Atonies’’ (Alcan). ^ 
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it is Brownian Jfovement whicll prevents the particles from 
settling under the influ^nof; of graVity,»for where the particles in 
suspensions and ,iri emulsions are too large to slbiow' violent move- 
ment, grippal Settling of the particles takes place. In a suspension 
of kaolin, particles^ slowly »ink to the bottom if the liquid is left 
unstirred ; in milk, where thp particles are lighter than the liquid 
iiv which they are suspended, the fat— or cream-r- gradually collects 
ojti tli/i surface. • * ’ r 

Another property which gradually vai;ies as the size of the 
particles changes is the power of passing through a porous material. 
The ordinary molecules and ions of salts will diffuse readily through 
ordinary parchment paper, whilst the larger particles of a colloidal 
solution fail to pass through. This is the basis of a method known 
as dialysis, which allows us to separate ordinary salts from 
colloidal substances. If a soljition containing ordinary salts and 
also colloid particles is placed in a ])archment ‘‘ thimble '' surrounded 
by pure water which is periodically renewed, the salts gradually 
pa/s through the parchment and are rcmov(^d, leaving a j)ure colloid 
solution behind. The dilference in permeabihty varies, however, 
gradually with the size of the particles, and by selecting a medium 
of the proper porosity, the separation of the larger from the smaller 
fc'olloid particles is possible. Ordinary filter-pap(T prevents the 
passage of particles exceeding 5// in siz(‘, whilst special “ hardened ” 
filter-paper holds all those larger than 2// ; elay cylinders are 
impervious to particles exceeding 0-4 to and special membranes 
arc manufachired to stop the ]>assage of still smaller ]jarticles. 
Upon this principle a system of Ultra -filtration has becui w’orked 
out, for the separation of colloids from one another. • If a solution 
containing the organic dye, benzo-purputin, and the inorganic 
colouring matti^r, Prussian Blue, is forced through a membrane 
filter of suitable porosity, the Prussian JBue is retained and the 
benzo-purpurin passes through. ^ 4410 benzo-})urpurin solution thus 
obtained can lie forced through a still finer membrane, which 
retains the particles of the dye ; the li(juid which (u)mes tlnough 
this second membrane is colourless. 

Cataphoresis. If two electrodes are immerse<^l i?i a colloidal 
solutioi^and an^E.M.F. is applied to them, the particles icomrnence 
to move either towards the cathode or towards the anode ; this 
phenomenon, which is known as cataphoresis, shows that the 
particles are qjther positively or negatively electrified. Since the 
presence of colloid particles usually confers a distinct colour upon 

' H. Bochhold, Zeitsch. Phys. Chetn. 60 (1907), 257 ; 64 (1908), 328. 

^ R. Zsifmondy and W. Bachniann, Zdtach. Anorrj. Chem. 103 (1918), 
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the luediuin in which th^jj arc suBpeiK^dS thfe .migratkti of the 
particles towards the electrode can betibserved by methods similar 
to those descfi’ibed for coloured ions in a prcviotis chapter.^ The 
mobilities of colloid particles have been measured, and/aR^ of the 
saipe order of magnitude as those of ions. Tor •instance, the 
mobility of the negatively charged particles present in a (X)lloidal 
solution of silver, varies between *0002 and '0004 ems, per f^'.c., 
whilst tliat of the ])ositively charged silvTr ion present in the solution 
of a. silver salt is '00(^9 cms. per see. 

It is inteiesting to obseive that a fine suspension of clay particles 
in water exhibits cataphoresis ; tlie particles wander to the anode 
when an M.M.F. is applied. Likewise, if an E.M.F, is applied to an 
('imilsion of oil and wati'r, the drops of oil usually move towards the 
ano(l(\ which shows that th(‘y also posst'ss a negative charge. 

It is most important, however,^ to notice that the sign of the 
charge can often be changial through the addition of acids, alkalis 
or salts to th(‘ li([uid. For instance, in a colloidal solution of 
egg-albumin, which has previously been boiled, the particles move 
to the cathode in the pi'cscmce of a trace of acid, bub to the anode 
in the jireseTice of a trace of alkali.- Evidi'iitly, therefore, the 
particles have a positive charge in acid solutioirs, and a negative 
charge in alkaline solutions. A similar chang(‘ of direction is noticv^l 
in a so'ution of gedatine. 

In siu l) cases, it should be possible by adding just the right 
(juantity of acid or alkali, to obtain a state in which the colloid 
particles move iK'ither to the anode or cathode. It is always found, 
however, that as this point of electrical neutrality— which is known 
as the iso -electric point- is approached from either side, the 
colloidal solution becomes unstable, and a Hocculent precipitate of 
the colloid substance appears in it. Since it seems— in most cases- - 
im])Ossible to keep a substance in colloidal solution under conditions 
which deprive tin; jiartiedes of their charge, it is natural to conclude 
tha^it is the rejuilsion causial by the electric charges on the particles 
which is the (kdc'rmining biv^tor iji previuiting tla* particles from 
clustering togetluu' to form the Hocks ” or “ aggregates that 
woukl, constitiy:o an ordinary jirecipitate. According to this view, 
when tlie^ charge is removed, the thermal agitation of the^particles 
is, by itself, insulUcient to prevent the union of the particles, and in 

^ Where the colloidal suhstance does not of itself po«sess sufticient colour, 
an indicator can be used. Tlius a trace of ferric chloride ^'ill servo to show 
up the penetration of tannin into gelatinous matter under tlio influence of 
an electric current. See E. K. Kideal and U. K. hivans, J. iSoc. (Jlmn. Ind. 
32 (1913), G33. 
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consequwce, prQcJpitp/tion occurs. ]\f.a^y authorities/ however, 
consider this simple explanation afe scarcely sufficient, although 
undoubtedly it contains an element of the trutli.- • 

Expeiin^c^its have been made which appear to show that it is not 
necessary to^'deprive the particles wholly of their charge in order to 
cause precipitation, but that \vhen the potential difference between 
the colloid* and the medium is reduced below a, certain value, the 
p^rticks begin’ to join together to form agigregates and this* process 
continues until a visible precipitate appear^.^ 

In many cases, the addition of a salt is capable of bringing about 
a reversal of the charge. The presence of aluminium salts are 
especially , potent in converting negative colloids into positive 
colloids. The particles of a colloidal solution of gold or of silver 
normally move towards the anode, but the addition of the merest 
trace of an aluminium salt rcdyces the velocity very much, whilst 
addition of further small quantities cause the particles to move 
towards the cathode,^ 

IiJv^en in the case of an emulsion consisting of globules of oil 
suspended in water, the sign of the charge can be changed by the 
addition of alumuiium chloride to the water. Uifrler ordinary 
circumstances, as stated above, the oil-])articles wander to the 
aeiode ; but in the presence of aluminium chloride, they move to 
the cathode.® 

The sign of a colloid is in several cases dependent on the mamier 
in which the solution has been i^reparcd. A colloidal solution of 
ferric liydroxide, for instanc(i, can be produced by two distinct 
methods. In the first method, it is obtained by the hydrolysis of 
ferric chloride according to the equation, 

1 See for instance \\'. ( '. .McC. JiCwi.s, ./. Soc. (Jhe/ih. lud. 38 (I!) ID), 4t, wJh) 
says, “ U'iio dii'ticnlty of accepting this v»'ry simple view lies in the fact that 
peptization and pi'otcction — which dc{)end n[)on adsorptive effects— oca-iir 
between particles of the same electric sign, and therefore presumiibly ro})el]ing 
one another. I must confess to bo not altogether satisfied with the view.” 
Ck)mpare L. F. Knapp, Trans. Faraday Foe. 17 (1922), 457. 

^ The personal view of the present writer is as follows. At the intorfuco 
between the colloid and the liquid, force*s'o£ electrical origin exist. Those 
acting along the interface (the interfacial tension) rise whenever those acting 
across the interface (the ” adhesive forces ” binding the v^olloid an(i liquid 
together) fall, and ^ice versa. At or near the iso-electric point, the intorfacial 
tension is known to bo a maximum, and accordingly tho forces f^inding the 
colloid particles to the liquid are a minimum near tho same point ; hence 
colloidal solutions have a minimum stability at or near the iso-cloctric point. 
It is noteworthy thaUnot only peptization, but also swelling, is at a minimum 
at the iso-electrif; point. 

® F. Powis, Trans. Chem. Foe. 109 (1916), 734 ; R. IS. Willows, Trans. 
Faraday Soc. 16 (1921), Appendix, p. 101 ; R. Zsigmondy, Zeitsch. Rlektro- 
chem. 23 (1917), 148. 

^ E. F. Burton, Phil. Mag. 12 (1906), 472. 

® F. Powis, Zeitsch. Pltys. Chem. 89 (1916), 91. 
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FeCla + - Fo(OH^3 V 3HC1, 

the hydrochloric* acid produced by t£e change being removed by 
continued dialysis ; in the colloidal solution ferric hydroxide 
thus prepared, the particles have a positive charge. li^t£e second 

• N • 

method, by slowly running m a .solution of ferric chloride into 

100 A * 

slight excess of solution of sodium hydroxide— with cunstant 

shaking so that the alSali remains in excess at all points- a colloidal 
solution is prepared in which the particles have a negative charge.^ 
'J'he essential difference between the two methods of preparation is 
that, in the first method, ferric salts arc present in excess all the 
time, whilst in the second metlK)d, sodium hydroxide is present in 
excess. All the circumstances go to prove that the ferric hydroxide 
particles prepared by the lirst method contain “ adsorbed ” ferric 
ions, and that the positive charge of the particles is due to these 
ferric ions ; on the other hand, the ferric hydroxide produced by 
the second method have adsorbed hydroxyl ions, and in consequenee 
the particles* possess a negative charge. 

it should be pointed out that if dialysis of the solution prepared 
by the first method is pushed so far that practically all the feryc 
chloride is removed from the solution, it becomes very unstable, and 
readily deposits a precipitate ; this gives considerable support to 
the view Ihat the charge is due to adsorbed ions. Similarly the 
negative form of ferric hydroxide is rendcTcd unstable, if an 
attem])t is made to remove the whole of the sodium hydroxide 
by dialysis. 

Since the presence of ferric chloride is necessary for the stability 
of the colloidal solution ju’oduccd by the lirst method, it is possibk‘ 
to look upon th(^ whole as a complex salt of indidinite composition, 

.Ttp(()K);,.?/Fe('l, 

whifl, is dissociated into the^} ions 

a’Fe(OH) 3 .i/Fe“' and 3?/Cl'. 

From this standpoint, the colloidal particle if^ really an ion, 
although* an ion of unusual size and of variable composifion. 

3'he notion of the colloid particle as an ion of a complex salt 
has rather special interest, as it reconciles two .apparently diverse 
views which have been put forward by different authorities. It 
has long been known that precipitated ferric hydroxide when 
shaken up with ferric chloride solution passes- -or appears to pass — 

^ F. Powis, Trails. Chein. >S'oc. 101* (191(>), 81S. 
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into soluttbn. Some cmemists ^ hold the phenomenon is due 
to the formation of soluble basic chloride. Gathers ^ hold that 
there is no true solution at all, but only “ peptization,”' the breaking 
up of th^t!'. i^rric hydro::^ide into colloid particles, which remain in 
suspension iii'^'the liquid, the peptization being brought about .by 
the adsorption of ferric ions. If the colloid particles arc regarded 
as the ions of a pomplex basic salt, the second view becomes practi- 
caKy identical with the first. It is necessary, however, to modify 
the first view by stipulating that the so-calWl basic salt ” shall 
have a composition which varies irulcfinitely with the amount 
of ferric chloj-ide pn^sent. ft is also necessary lo point out that, 
owing to tlu‘ large size of th(‘ colloid particles, the ferric hydroxidi' 
can be separated from the liquid by filtration through a suitable 
medium ; in fact, under certain conditions, part of the hydroxide 
may even settle S2)ontan(‘ously to the hottoni of the vessel under 
the influence of gravity. 

Ai^ analogous case is the peptization of precipitated stannic acid 
by sodium hydroxide.^ By treating the precipitate with different 
quantities of sodium hydroxide, we can get a (iolloidal solution 
containing particles of almost any desired siz(‘. the sodium 
hydroxide is present in small amount, the particles are big, and the 
sdiution unstable ; as the amount of alkali added is gradually 
increased, the average size of the particles becomes gradually 
smaller and the solution becomes more stable, until when the 
sodium hydroxide is present in very large amount, the particles 
are mostly of molecular siz(‘, and the solution can be regarded as a 
solution of sodium stannate, Naj,8n(OH)„. W(' caii regal’d the 
whole series as consisting of the salt 

.rNaOH.i/8n(OH)4, 

ionizing into 

a:Na’ and :i-()H'.?/(Sn(()H)4), 

<) 

th(‘ anion being, of course, the negatively charged colloid partidi^. 

Somewhat similar is the case of tiie solutions of the soaps,” 
such as sodium oleate, sodium palmitate or sodium stearati*. 3'hese 

1 W. Pauli an<] Matulu, Roll. ZtiLsvh. 21 (1917), -JJ) ; W. Pauli, Trans, 
Faraday ooc. 16 (1921), Appendix, ]). 14. 

2 For instance, H. B. Weiser, J, Fhys. Chem. 24 (1920), 277, es])ecially 
p. 285. Compare W. D. Bancroft, J. Fhys. Chem. 20 (1910), 85. 

^ Compare the views of R. Zsigmondy, Zeitach. Anorg. Chem. 89 (1914), 210, 
with those of W.* Pauli, Trans. Faraday Foe. 16 (1921), Appendix, p. 17. 
Zsigmondy, it should be noticed, considers that the effect of small additions 
of alkali is to break down the large secondary aggregates into primary colloid 
particles, but that excess of alkali causes further diminution of size through 
chemical actfon (stannate formation) — a process which, he says, “ has nothing 
to do with peptization. ’'f' 
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substances dissolve readily, enough in Wc^te?^ as is well l^ilown, but 
the presence of particles of colloidal *size u\ the liquid can often 
bo inferred fi’om the fact that the solutions, ef^n when prepared 
with distilled water, are distinctly turljid. Our kTi)\fledge of 
the nature of the colloid particle:? is largely due tt) the work of 
Me Bain. ^ It is found that, in eoMcentrated solutions, the con- 
ductivity is consMerable, but that the “ molecular* weight ” of thfe 
solute— as found by a “ dew-point method ” (based on the sifrne 
jirinciple as the “ botting-point method ” in general application) — 
is very high. This high molecular weight would lead one to sup- 
pose that the concentration of “ ions ” present in the solution is 
comparatively small, and we can only account for the high con- 
ductivity if wo assume that each “ ion ” carries a large number of 
('Icctric charges. These and other consifleratioiis led to the pos- 
tulation of ionic micelle theory*’’ of soap solutions. 

ConsidiM' the case of sodium jialmitate, which we may write NaP, 
wlu're P represents the group moderately fjilute 

N . . . . . 

solutions, Ix'low , this is ionized in thi' ordinary way to Na’ and 
, lO ' • 

B' ; wIhtc the solid ion is very dilute, partial hydrolysis also occurs, 
causing an alkaline reaidion. On the other hand, in concentrated 

. / N\ . . , . * 

solutions / N or -- J, ‘‘ micelles ” are formed by the union of anions 

with undissociated molecules of the salt and possibly with water 
molecuh's also. Thus, in a concentrated solution, n, -|- .r molecules 
of sodium palmitate may ionize to 

?/Na: and ?iP'.,rNaP.//H,0. 

Kach comjili'x anion or micelle carries n (‘lectrons, and tlu^ high 
(‘lecti’ical conductivity is thus reconciled with the high molecular 
vvi'ight. 

flocculation and Peptization. Tlu' notion that the charging 
and discharging of colloid particles is caused by the adsorption 
of ions is due mainly to Hardy and to Ereundlich,- but it has been 
greatly extended by Bancroft,'’ who has used it to uiterpret certain 
jihenoiiM'na which a few years ago appeari'd (‘xti^mely j^izzling. 

ft has long been known that the addition of a salt or electrolytic 
in large quantities to a colloidal solution usually causes precipita- 

^ J, W. McBain, M. E. Laing, A. F. Titloy, M. Taylor, A. M. Bunbury and 
H. E. Martin, Tran.^. Cheni. Soc. 106 (1914), 417, 967; 113 (1918), 436 ; 115 
(1919), 1279, 1300 ; 117 (1920), IHOG. 

^ H. Frouridlich, Zcitsch. Phys. Vhem. 73 (1910), 386. 

* W. D. Bancroft, J. Phya. Chem. 20 ( 1916 ), 85 ; Trans. Amer. Ekctrochem, 
^oc. 27 ( 1915 ), 175 , 195 ; 37 ( 1920 ), 66 . * 
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tion, or *•* flocciriatio<i.” Yet, ofte^, the presence of a small 
quantity of a salt is, absoluWy necessary for t^e existence of a 
colloid solution. , ^^ometimcs, for instance, wlien an insoluble 
precipitate Vif< shaken up with water containing a small quantity 
of a salt or ele(?trolyte, the precipitate breaks up, yielding a colloidal 
solution; the process, as has ‘already been mentioned, is called 
peptization. V Occasionally, a salt which cijuses pept^ation 
whbn pt-esent in a small quantity will produce flocculation when 
present in considerable strength. c 

Consider first the process of peptimtion. Freshly precipitated 
ferric hydroxid(} is peptized by ferric chloride ; for some reason, 
the positive ferric ions (Fe*") are adsorbed more readily than the 
chlorine ions. The ferric hydroxide, therefore, acquires a positive 
charge, and is able to break uj) into particles, whicli remain sus> 
pended as a stable colloidal solfjtion. It is noteworthy that the 
liydroxide of any metal generally appears to have a special ciipacity 
for ty'lsorbing the inn of that same metal ; thus ferric liydroxich; 
is peptized l)y ferric chloride', aluminium hydroxide by aluminium 
chloride, and chromium hydroxide by chromium clil()ride.^ 

Tlie reverse’ phenomenon of floccalalion ean now be considered. 
If a negati\'c ion is added to the liquid which is strongly adsorbed 
the positive colloid particles, the (I)arg(; on the particles will 
thereby [)e neutralized. The hydroxyl ion, for instance, is strongly 
adsorbed by ferric hydroxide particles, and consequently if a t race 
of alkali is added to the positive colloid solution of ferric hydroxide, 
])recipitation at once occurs. This is without doubt due to the 
]ieutralization of the positive charge. For if, instead of adding 
the alkali to the colloidal solution, the colloidal solution is added 
to the alkali, so that the latter is always in excess, the colloid par- 
ticles pass quickly through the neutral state and acquire a negative 
sign before time has been allowed for precipitation to occur ; the 
negative colloid producc'd is then perfectly stable. 

Although chlorine ions are less readily adsorbed than the f(4r;ric 
ions, yet if the chlorine ions are present in considerable excess, 
siiflicicnt adsorption may occur to cause electrical neutrality and 
consequent precipitation. Thus, by adding potassium chloride 
in moderetc contentration to the positive ferric hydroxide sol, 
precipitation occurs. The addition of an equivalent amount of 
mercuric chloride, which is hardly ionized, has no such effect. 

In the precipitation of positively charged colloids like ferric 
hydroxide, it is the adsorption of an anion which is the determining 


^ J. N. Mujjherjeo, Trans. Faraday Soc. 16 (1921), Appendix, p. 103, brings 
forward the interesting view that “ the fixation of a common ion is due to 
the same causes that brin^ about the growth of a crystal in its solution,’* 
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factor ; on the other han«d/for the flocci^lation' of mgaii%% colloids, 
the nature of tl^ cation is of paranlount importance. ^ In both 
cases, it is found that divalent ions are genemlly more effective 
than monovalent, and trivalent ions are |fenerally i»tfr(^ effective 
stiil. Thus, in the precipitation • of a negative colloid such as 
arsenic sulphide, salts of calcium arc more effective than salts of 
sodiuiy, but salt^ of aluminium arc more eilcctive stillT It should, 
however, be pointed out that in many cases the adsorption of 
different monovalentf, divalent and trivalent ions differ greatly 
among themselves.- 

The dependence of the precipitation of a positive colloid upon 
the anion, and that of a negative colloid upon the cation, is shown 
hy the following numbers.^ They indicate, in the case of three 
dilfenait salts, the equivalent concentration needed to cause the 
precipitation of two typical eolUids. 


IVjtas.siuin oliloridi'. 
Potassiiun siiphn I c 
Barium riilorido 


Concentration needed to 
precipitate Arscnious 
Sulphide 

(Nejiativc OoIloltJ). 

. Ifi'd : 10 ^ jiurmal 

. <55- (; :: lo -= 

. 0 ()91 X 10 


Concentralion needed to 
l>rcclpitate Ferric 
Hydroxide 
(Positive Collolth* 

iiO.'l X 10"^riormal. 
0-204 ■: 10-'^ ,t 

0-04 X 10-^ „ 


If will he noticed that, for the ncgallrr colloid, arsenipiis 
sulphidt‘, where the cation is of importance, the same order of 
('fjuivalcnt coneeiitration is required with potassium chloride as 
with ])otassium sulphate ; but that, when barium chloride is used 
as the precipitant, a far smaller concentration sulHces, the cation 
being in this ease divalent. 

On the other hand, in the precipitation of ferric hydroxide, a 
imitiva colloid, the anion is of inqiortance ; here barium chloride 
has roughly the same precipitating iiower as potassium chloride, 
but potassium sulphate, having a divalent anion, is a far more 
active' preci])itant. 

It is wortii Avliile at flirts point to call attention to the fact that 
t.f*ere are two classes of ions which are esja'cially active in colloidal 
changes * 

{(i) Liglit^mohile, nwnomlcnt ions like hydrioi i (IT) and hydroxyl 
(OH'). These are specilically adsorbed by tho ^uncharged colloidal 
substance, and confer their charges upon it ; thus th6y arc more 
active as peptizing agents than as flocculating agents. 

(6) Folyvalejit ions such as Ba**, Al”*, S 04 V> (Fe(CN) 4 )"" which 

^ W. B. Hardy, Zeitsch. Phys. Chem. 33 (1900), 385. 

2 W. D. Bancroft, J. Phys. Chem-. 19 (1915), 303 ; Trans Amer. Elecirochem, 
iSoc. 37 (1920), 55. 

^ H. Froundlicli, Zeitsch. Phys. Chem. 73 (1910), 38G, • 

♦ N. Bach, J. Chim, Phys. 18 (1920), 61. t 
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arc readily adsorbed charged colloid {^articles of opposite electri- 
fication, thus neutralizing t}f> charge. Such ion^ arc more active 
as flocculating agents than as peptizing agents. * 

It is nl/t^\forthy that when a colloid whicli owes its charge to a 
monovalent ilm is treated with excess of a solution containing 
a polyvalent ion of opposite sign, the colloid is not merely deprived 
®f ife chai'gA, but in some cases a reverse charge js conferred upon 
it. I. According to Mukherjec, this reversal of charge is rarely 
brought about by a monovalent ion.^ t 

It will therefore be understood why aluminium salts are so 
especially efficient in reversing the direction of movement of gold 
or silver particles, and of the oil-particles in an oil-water emulsion ; 
in each case, the particles have normally a negative charge, but in 
the presence of aluminium ions this is converted to a ])ositivo 
chfirge. «. 

A very interesting phenomenon is tlie precipitation of one colloid 
by another. If the colloidal solution of positive ferric hydroxide 
is mixed with a solution of the negatively charged colloid, arsenious 
sulphide, in certain proportions, mutual adsorption occurs, and the 
charge on each kind of particle is neutralized ; consequently both 
colloids are almost completely precipitated.- 

On the other hand, the presence in a colloidal solution of a second 
colloid having the m7nc charge sometimes adds materially to the 
stability of the first. For instance, the pure colloidal solutions of 
the metals are very unstable, and are precipitated by a trace of 
almost any salt. But, if a little gelatine or gum is added, the 
metallic colloid is rendered much more stable ; apparently the 
particles of the organic ** protective ” colloid coalesce in some 
way with those of the metal ; the protecti\'e colloid can be regarded 
as a peptizing agent. 

It has already been pointed out that the same salt may (jause 
peptization in dilute solution and flocculation when present in 
greater concentrations. Bancroft gives the following inter{v;e- 
tation to this rather remarkable fact,^' In dilute solution, where 
there is relatively little adsorption, the most easily adsorbed ion 
alone attaches itself to the colloid, which thus acquires a charge ; 
peptizatiop, therefore, occurs. In a more concentrated solution, 
however, conditions become favourable for the adsorption of the 
opposite ion also, and neutralization of the electric charge results, 
with consequent, flocculation. 

^ J. N. Mukherjee, Trans. Faraday Soc. 16 (1921), Appendix, p. 106. 

* Cases of this sort aro well disousseil by W. D. Bancroft, “ Applied Colloid 
Chemistry,” li)21 edition, pp, 225-227 (McGraw-Hill). 

8 W. D. Bancroft, J. P^ys. Chem. 20 (1916), 102, 103. 
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It is interesting to note tli^t cases of pr^ci^ita'tion by ihfeans of 
electrolytes are known in true suspensfons ; ^ some fine clay is 
shaken up witli water, and a salt is added, the cilay particles ar(^ 
caused quickly to settle to the bottom. It js found tlmi? tfie salt 
of a divalent metal such as calcium chloride is much nA)re effective 
than sodium chloride, whilst a salt of aluminium, a trivalent metal, 
is an evep more peCkVerful precipitant ; aluminium sqlphate caushs 
the clay particles to settle even when present in quite a low ccfnccrA 
tration. • 


The Production of a Colloidal Solution. It is now ])ossible 
to consider some general methods of producing a colloidal solution. 
It is right, how(‘V(T, before discussing this subject, to point out 
that many cmvlmd colloids, for instance, gum arable, dissolve 
in water, or in some other solvent, without any particular trouble. 
In such cas(is, it seems probable that'^hc solution produced possesses 
ty])ical '' colloidal ju’operties simply because the molecules of tin* 
dissolvi'd siibstance are large and will not diffuse readily. Thj*re 
is no need to discuss in detail the method of dissolving such sub- 
stances, since »the method differs but little from those employed" 
to obtain a solution of an ordinary salt like sodium chloride. 

Lut the colloidal solutions which are of particular importance 
in inorganic clK'mistry are solutions of substances wdiich, under ^ 
ordinary cnciimstances, ((re smreehj soluhle <il (ill ; these substances 

can under certain special conditions— be brought into a state of 

very fine suspension so as to produce a colloidal solution. In the 
production of such (su-'^jjcnsold) colloidal solutions, it is clearly 
necessary to adopt a special procedure and to observe certain 
precautions— just as in the pre])aration of a ,s‘i(pirs(iturated solu- 
tion of an ordinary soluble salt like sodium su!phat(‘. 

In ord(T to obtain a colloidal solution of a hydroxide, or some 
normally insoluble salt, there arc two cours(‘s open. VV^e can either 
start with the solid insolubki form of the substance, and reduce it 
to tin' colloidal condition by suitable treatment, for instance, by 
the addition of a peptizing agent, or even by mechanical grinding 
or electric disintegration. We may call this tlie method of dis- 
persion. Altefnativ(‘ly wo can start with a soluble salt in the 
molecular ^tate, e.g. in normal aqueous solution, and, eithcf by the 
interaction of another solution, or by other means (e.g. hydrolysis), 
convert it to the insoluble substance required ; but the conditions 
must be so regulated that a precipitate— in the iAJcepted sense 
of the word— is not produced, and the substance remains suspended 
as particles of colloidal size ; the latter method may be styled the 
method of controlled condensation. * 



28^> METALS AND METALLlfi CQMJ»OUNDS 

• if f 

(1) ]ftfethod of Dffep^,rsion. If f!iwic hydroxide is shaken up 
with a little dilute {crrio chloride, a dark red-b|own colloidal solu- 
tion is obtained.* The solution is fairly stable in presence of ferric 
chloricfOjVfxd a certaii^ amount of the ferric chloride can be removed 
by dialysis but if too mudi is removed, the solution becomes 
unstable and the precipitatt) of ferric hydroxide settles to the 
• bottom. As ,has already been mentioned, tht', colloidal^ solution 
c*an be regarded as containing a complex basic chloride, but not a 
basic chloride of any definite composition. 

.Similarly (diromic hydroxide is peptized by sodium hydroxide, 
yielding a clear green solution. But the chromic hydroxide par- 
ticles can be separated from the sodium hydroxide by passing the 
solution through a suitable filter ; or, alternately, if the clear 
solution is allowed to stand for some time, it becomes cloudy owing 
i<) the formation of a visible ♦precipitate of chromium hydroxide. 
Aft(‘r some months practically all the hydroxide present has settled 
to^the bottom as a green precipitate and the liquid above is nearly 
colourless.^ This has been interpreted as showing that the green 
• liquid is a colloidal solution, and that a definite soluble chromite. ” 
is not present in any great quantity. 

The peptization of aluminium hydroxide by aecti(; acid is of 
Tntercst,2 because here it seems possible to obtain either a colloidal 
solution or a true salt solution, under dilTerent conditions. When 
freshly precipitated aluminium hydroxide is treated with fairly 
dilute acetic acid (about 8 per cent.), it appears to pass into solu- 
tion ; but on adding hydrochloric acid to the liquid, a precipitate 
is at once produced. The liquid appears, therefore, to be a colloidal 
solution of aluminium hydroxide in acetic acid ; it can, of course, 
be looked upon as a ba.sic acetate, })ut an acetate of indefinite 
composition, and containing far less acetic acid than would be needed 
for the normal aluminium acetate. On examination of the solution 
in the ultra-microscope, colloid particles may bo seen. 

On the other hand, if aluminium hydroxide is treated viith 40 
])er cent, acetic acid, normal salt-formation takes ])lace, and the 
.solution apparently consists of ordinary aluminium acetate ; under 
such circumstances, hydrochloric acid yields no precipitate when 
added #to the •solution. * 

Although the precipitated hydroxides of aluminium or iron are 

1 C. F. Nageb J. ^hys. Chem. 19 (1915), 599 ; W. D. Bancroft, Trails. Amcr. 
Electrochem. Soc. 28 (1915), 351. On the other hand, evidence of the existence 
of “ chromites " has been put forward by J, K. Wood and V. K, Black, Trans. 
Chem. Soc. 109 (1916), 164. The controversy is, of course, largely one of 
nomenclamre. 

“ W. B. Bentlev and R. P. Rose, J. Arner. Chem. Soc. 35 (1913), 1490. 
Co.mparo al^o H. B. Vyit/ser, J. Phys. Chem. 24 (1920), 505. 
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most easily peptized by meax)^of a trace of ^oid of* by a soluble salt 
of the metal in question, ye^if they areVashefJ quite free from the 
precipitant— the hydroxides are capable of being peptized by pure 
water. This fact — which is the cause of occasional aufivy^ncc in 
cfjcimcal analysis- has been made the basis of a melfioil of pre- 
paring the “ sols of ferric and aluminium hydroxides.^ If for 
instance ^ ferric chjoride solution is treated with amjnonia (exc^s • 
being avoided), and the precipitated ferric Jiydroxidc is thoroughly 
washed with water in centrifuge of special construction, stable 
sols which are almost free from chlorides arc obtained. Presumably 
the peptizing action of water depends on the preferential adsorption 
of hydrogen ions over hydroxyl ions, although this fact does not 
appear to be definitely established. 

The preparation of colloidal metals by the arc method, which 
is desciibed later, is anothiT example of a dispersion method. It 
is also possib!(‘. to obtain colloidal solutions by a process of mechani- 
cal grind ing.- 

(2) Method of (Controlled Condensation. It is well k[iown 
to the analytV.‘al (*hcinist that there are certain conditions whiclo 
juiist be avoided if a sma^i'ssful precipitation of a sparingly solub](' 
salt is to be l)rought about. The presence of e('rtain substances 
are known to interfere with the formation of a precipitate, or 
caus(? the ])recipitation in so fine a form that the substance fails to 
settle and passes through ordinary filter-paper. 8uch substances 
include sugar, gelatine, dextrin, rubber, albumin, and many of the 
constituents of organic tanning-materials.-' TJie presence of sugar 
prevents the precipitation of ferric hydroxide which would normally 
occur on the addition of ammonia to a ferric 'salt solution ; it likewise 
prevents the precipitation of silver chromate liy the interaction 
of a soluble silver salt with a soluble cliromate, a red liquid being 
jiroduced which only slowly b(‘coines cloudy. Gelatine iiiterfenss 
with the precipitation of silver iodide by the interaction of silvei' 
nitrate and potassium iodide. 1’he reason for the absence of pre- 
lupitation in the presence of tJiese substances may vary ; in some 
cases, perhaps, it may be due to the increased viscosity of the 
solution ; in other cases, it may be due to the formation of definite^ 
complex ibns ; but, in many cases, it is necessary tolegard fiiie added 
substance as a peptizing agent or a “ protective colloid,” which 
combines with the compound whilst it still exists as separate par- 

' R. Bradfield, J. Am&r. Chem. Soc. 44 (1922), 965. 

^ G. Wegelin, Koll. Zeitsch. 14 (1914), 65; H. Plauson, Zcitsch. Angew. 
Chem, 34 (1922), 469, 473. 

* C. A. Lobry do Bruyn, Ber. 35 (1902), 3079. See also N. *G. Chatterji 
and N. R. Dhar, Trans, Faraday Soc. 16 (1921),* Appendix, p. 122. 
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tides (Sr colloidar siJie, /ind proven tsf^ihcse particles from uniting 
to form a “ precipitate ” if! the ordinary sense ft the wordd 

In some casc^s^, one of the reacting substances appears to play 
the pal-tVji a poptiziyg agent. If a solution of arsenious acid is 
])oured drojf by drop into a solution of hydrogen sulphide, through 
which carefully purified hydrOgen sulphide gas is allowed to bubble, 
" a 'yellow colkiidal solution of arsenious sulphktc is obtaiyed ; the 
parti(?les possess a negative charge.- But if an acid or a salt is 
present in the solution used, a precipitate itf obtained instead of the 
colloidal solution. No doubt, in the absence of a flocculating 
electrolyte, the (H8)' cjr S'' ions of the hydre^gen sulphide arc 
adsorbed by the C(flloidal particles, conferring upon them a negative 
charge. 

Generally speaking, the presence of salts in solution, and the 
iicating of the solution, (‘liable^ the analy.st to avoid the formation 
of colloid solutions. Nevertheless, cases do aris(‘ in analysis wIutc 
th^ precipital ion is aj)t to be incomplete, or wlu'rc tlie precipitate 
])roduced is a sticky semi-soluble one, which penetrates into the 
,])ores of the iilter-paper, and causes them to becom^^ blocked. In 
such cases, a slight ktio^\ledge of colloid chemistry may bo of great 
help to the analytical chemist. 

A very interesting ease of a ditferent (‘haracter occurs when silver 
nitrate and sodium chloride are mixed in dilute solution.^ If the 
two salts are pre.sent in (‘({uivalent ]>r( ►portions no colloidal solution 
is formed. But, if either constituent is in (‘xcess, although the 
seflubility limit of the silver chloride is actually dimijiislual, a col- 
loidal solution (or line suspension) of silvan’ chloride is obtained. 
If the sodium chloride has been added in excess, the colloidal 
particles mov(‘, on (‘lectrolysis, to the anode, having adsorbed Cl' 
ions : o?i the other hand, if the silver nitrate has been added in 
excess, they adsorb Ag ions, and move to the cathode. 

The production of a .sol ” of ferric hydroxide by tin* hydrolysis 
of a ferric salt .solution, accompanied by dialysis to nunov^i tlu' 
hydrochloric acid fornu’d, is another^^xarnplc' of a mdhod of con- 
trolled cmidensation.” In general, neutral solutions of salts of tin; 
heavy metals yield, as the result of hydrolysis,*^ hydrox^idcs in 
partick'i’ of colloidal size : but if the solutions are concentrated 
and especially if certain flocculating electrolytes are present, the 
particles often join together to form aggregates and a visible pre- 
cipitate is predu6ed. The preparation of hydroxide “ sols ” by 

^ Comparo S. Od6n, SvensJe. Kcm. Tidskr. 5 (1920), 74 ; abstract, J. Chem. 
Soc. 118 (1920), 600. 

H. Frekndlich, Zeitsch. Phys. Chem. 44 (1903), 129. 

® A. Lottermoser, J. Ih'akt. Chem. 72 (1905), 39 j 73 (1906), 374. 
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hydrolysis and dialysis is usi^illy a slow prof/3Ss, but thejdialysis 
is greatly hastenec^^ if condtictcd at an tde^ated temperature (75- 
80°C.).i • * . 

Colloidal Solutions of the Metals The prefiarati^n^of the 
colloidal solutions of the metallic ehvments Requires r;ither special 
discussion. It is possible to start witlumctal in the form of ordinary 
w ire or rod, and to convert it to the colloidal state by Bri'di^'s method , 
of electrical disintegration.^ If two gold wires lire eonqeeteij 
to a battery or (lynamo^yielding 30 -40 volts, and are brought clos(‘ 
together beneath the surfaee of v(‘ry pure water, so that an “ are '' 
is struck between them, th(‘ liquid acquires a- blu(‘ oi‘ jiiirple-red 
colour. This is a sign of the disintegration of the gold poles, 
caaisc'd by the heat of the discharge. It probably occins mainly 
through volatilization followial by (ondensation of the vapour 
in the water, but })artly also by th^‘ detaching of molten drops of 
metal from the hot tips of the wire ; these drops solidify to form 
globules, which are considerably larg(‘r than the particles formed by 
the condensation of gaseous metal.^ When the solution is examined 
under the ultra-micr()seo])e, colloidal particles of gold can be 
observ(‘d. Tlfe ])articles have; a negative charge, lor they move* 
tow'ards the anodi; wlu'n an is a])plied to the solution. On 

jidding a salt or acid to the solution, a dark })reeipitate is generalbi^ 
obtained, vvhich consists of finely divided gold. 

]f in the j4ac(‘ of gold, silvei* poles are used, a grey ot' reddish- 
brow’u solution of colloidal silvi'i* is prepared ; by the employment 
of platinum winy a di\rk brown colloidal solution of platinum is 
obtained. By the use of lead or zinc wore, these metals also can be 
])re[)ared in tlu' colloidal state, but the preparations very easily 
suffer oxidation. 

In these solutions, the colloidal particl(‘s are sometimes negatively 
charged, sometimes j>ositively (‘barged. Since they can be formed 
in w^ater practically free from salts, it is likely that they owe their 
charge to adsorbed hydrox\ff ions or hydrogen ions obtained from 
the water itsc'lf. It is noteworthy, however, that in various cases, 
the pr(\sence of a very small amount of alkali (for instanee, 0*001 
normal eonc(‘irf ration) is favourable to their formation, whilst 
in other crises traces of acid, or (w eii of chlorides in^tln* w'ater, is an 

' M. Neidh^ uud J. Bamb, J. Amvr. Chi-m. .SV. 39 (BUT), 7J. 

Seo K. Zfciigmoiidy, “ (dieini.stry of Colloids " ; t j'aii.slation by K. B. 
(Spoar (Chapman and Hall), , 

3 ( 1 . Brodig, Zeitsch. Angnv. Chem. {1S98), 951. 

^ Th. 8vedberg, “ Formation of Colloid.s ” (Churchill) (1921). Other 
views are oxpros.sed by Benedicks, Roll. Chem. Beihefte, 4 (1912-13), 229. 
Compare J. Mukliopdliyaya, J. Amer. Chem. Soc. 37 (1915), 292 ; H. T. Beans 
and H. F. Eastlack, J. Amer. Chem. Soc. 37 (1915), 2067 ; V. ftohlschuttcr, 
Zeitsch. Elel’trachem.. 25 (1919), 309. • 



• I 

286 lyplTALS and METALLIC COMPOUNDS 

^ ^ 1 • * 

advaniftkge in tlje preparation. But solutions obtained by the 
arc method are in all casee extrenlely tinstable^; and the addition 
of electrolytes in quantities exceeding the minute ’traces just in- 
dicate*^ ly^y cause a colour-change in the solution, and if present 
in still larger amount may throw down a brown or blackish pre- 
cipitate of the metal in question ; the solutions are indeed likely 
to deposit a precipitate when stored, owing to the accidental access 
qf traces of salts. * 

Metallic colloidal solutions are also produced by reduction of the 
solutions of soluble salts ; by treating gold chloride solution con- 
taining sodium carbonate with formaldehyde, the chlorine is re- 
moved by the formaldehyde and an intense red solution of colloidal 
gold is obtained. This form of solution can be preserved for some 
months if precautions are taken to prevent the access of flocculating 
electrolytes ; in preparing it, {or example, it is advisable to avoid 
the use of soft-glass flasks or stirring-rods.^ 

When a little sodium chloride is added to a red solution of gold, 
the colour is changed to blue ; the colour change is due to a partial 
flocculation, the minute particles of the original red solution uniting 
together to form larger “ secondary aggregates.!’ if the concen- 
tration of sodium chloride becomes great, a dark precipitate of 
hnely divided gold is produced. Zsigmondy, who has studied these 
gold sols in great detail, lays great stress on the distinction between 
the primary particles, which are present in the red solutions, and 
the secondary aggregates present in the blue solutions. The former 
are thought to be massive, whilst the aggregates are loosely assem- 
bled and threadcvl by channels containing the liquid, A similar 
process of aggregation probably takes place during the flocculation 
of colloidal solutions of other substances, as well as during the 
setting of a gel.^ 

Other salts when added to gold sols bring about the same change 
from red to blue ; the union of the gold particles to form larger 
aggregates is explained by the fact that the salts in question cause 
partial or total neutralization of the,charge on the colloid particles. 
Strontium chloride, for instance, has been shown first to reduce, 
then to neutralize, and finally — if added in larger amounts — to 
reverse the cha^rge of the gold particles ; the colour chapges from 
red to blue before the iso-electric point is reached.'^ Where, how- 
ever, a “ protective ” organic colloid, such as gelatine or gum, is 
added, the colloidal solutions of metals often become quite stable, 

^ C. Thomae, J. Frakt. Chem. 80 (1909), 618. 

2 See R. Zsigmondy, ‘ ' Kolloidchemie ” (Sparner). Also R. Zsigmondy, 
Zeitsch. Pht,8. Chem. 98 (1921), 14. 

^ R. Zsigmondy, ZeitHt^i, Elektrochrm. 23 (1917), 161. 
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and comparatively large quai^titiets of salts (Aj^n lie added -^mthout 
causing any effect. Certafti* sidbstancefv, obtained by the action 
of sodium hydroxide on egg albumin, known as sodium protalbinate 
and sodium lysalbinate, have proved of considerable sery^CQ^in the 
preparation of colloidal solutions qf mctais ; they ^are usually 
employed in connection with hydrazinp. hydrate as a reducing agent. 
By adding hydrazijie hydrate to a solution of a metallit.’ salt con- , 
taining {ft)dium lysalbinate, stable colloidal solutions of platjnuni, 
palladium and iridium^have been produced ^ ; the solutions can 
be freed from salts by dialysis, and can be preserved without fear 
of spontaneous decomposition. In most easels no precipitation is 
produced even when concentrated sodium chloride is added to tlu; 
solution. Indeed it is possible to evaporate the solution to dryness, 
and obtain the protected colloid in a diy form, which readily dis- 
solves again in water, giving the colloid solution. 

In these “ protected ” colloidal solutions, the metal seems to 
exist in union with the particles of the organic colloid, and the 
solution in some ways possesses the properties of the organic colluid 
rather than of those of the metal in question. 

Colloidal scffutipns of the metals have considerable activity as 
catalysts. A small amount of colloidal platinum wiU bring about 
the decomposition of hydrogen peroxide, and colloidal palladium,,^ 
will aid the combination of hydi’ogen with unsaturated organic 
bodies. A certain amount of interest both practical and theo- 
retical — attaches to the question as to whether the “ protected ” 
solution will be a more active or a less active catalyst than the 
unstable unprotected colloid. The evidence available - appears to 
show that if a protective colloid like gum arabic is added in small 
amounts to a palladium chloride solution, and if subsequently 
hydroxy la, mine is added to reduce the palladium to the juetallic 
condition, the colloidal solution obtained may be a more active 
catalyst than if the gum arabic were omitted ; no doubt the gum 
acts as a peptizing agent causing the iialladium to remain in small 
particles, which present a large surface area- a condition evidently 
favourable to catalysis. If, however, an undue amount of gum has 
been a^ded, tl^e catalytic activity is again reduced ; probably the 
gum tendg— under these conditions^ — to reduce the qctive palladium 
surface, by covering it up. It appears, however, that wJien gum 
or gelatine is added to a colloidal solution of platinum after the 
reduction to the metallic state, the catalytic activiJiy of the platinum, 

^ C. Paul and C. Ambergor, Ber. 37 (1904), 124. According to K. A. 
Gortner, J, Amer, Chem. Soc. 42 (1920), 695, the protective value of pro- 
tolbinates and lysalbinates is greatly inferior to that of ordinary gelatine. 

2 E. K. Rideal, J. Armr. Chem. Soc. 42 (1920), 74^1. 
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as dekwtnined by rate of decomposition of hydrogen peroxide, 
is always reduced.^ ^ c t ^ 

Many other ceases are known in which a metal ds produced in 
particles colloidal size. When solid silver chloride is exposed 
to light, it ijndergoes partiaJ decomposition and acquires a yiolet 
colour, which is believed to bo due to the presence of colloidal 
silver particles dis])crsed through the mass of unchanged salt. The 
colour varies Svith the conditions and with the presence' of other 
substances — as is well known to photogr;iphers. 

When molten metallic lead is added to molten lead chloride, the 
mass becomes dark owing to the appearaiiee of minute globules 
of metallic lead ; the plienomenon is known as a “ metallic fog.” 
When tlie lead chloride is allowed to cool, the crystals produced 
are still translucent, but are dark and cloudy owing to the presence 
of lead particles of colloidal size disjjersed through them,- The 
particles can be seen by means of the ijltra-mierosco])e. 

Another case in which colloidal particles of a metal are disp(.‘rsed 
tMough a rigid substance is that of ruby glass, tin* colour of which 
is due to colloid particles of gold (or, in one variety, eojiper) similar 
to those present in the red colloidal solutions of gold df seri bed above. 

Gels. It has been pointed out that the majority of the inorganic 
^substances which — under special conditi(.)ns can be obtained as 
suspensoid ” sols are substances which, und(‘r ordinary circum- 
stances, are insoluble and unafEected by water. Many organic 
emulsoid ” colloids, however, notably gelatine, sulTer a great 
change if brought into contact with water. Solid gelatine, for 
instance, swells when placed in water, forming a jelly or “ gel ” ; 
on warming, the ‘‘ gel ” liquefies, yielding a '' sol,'’ but when the 
“ sol ” is again allowed to cool, it once more sets to a “ gel.” The 
interesting feature of setting is that the whok; volume of tlu; “ sol ” 
reverts to the gel-form ; under ordinary circumstanees, no free 
W'ater is left behind after the setting. 

Gels are met with in many metitllic compounds ; l)ut since 
nearly the whole of our knowledge of the character of gels is Tbased 
on the study of organic colloids, it is necessary to take most of our 
(‘xamples here from organic chemistry. 

The gel, or jfjlly, has many of the properti(*s of a solid^ although 
the rigidity varies very much according to the proportion of colloid 
present, and usually varies somewhat with “ age.” Very dilute 
solutions of gelatine do not actually set to a jelly, although they 
become very viscous when cooled to ordinary temperatures, the 

* T. Iredale, Trans, diem. Soc. 119 (1921), 109; A. dti U. Kooasolnno, 
Comptes Rmd, 173 (1921), 234. 

- H. Lorenz and W. It^itol, Zeit-srh. .Anorg. Chern. 91 (1915), 4C. 
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viscosity increasing with the t^me.^ \n^ a concentrated 

solution the passjtge from**fho* viscous, “ lol ” to the solid “gel"’ 
is a somewhat gradual one. If the change in a gelatine solution 
be followed by means of viscosity measurements^ it ii^ Jound that 
the viscosity — which rises slowly for*a time- ^afterwarys comihences 
to rise comparatively quickly, and #the time at which this quick 
rise occurs may lip regarded as the time of “setting.’^ • 

The “absorption of water into gelatine during Ihc process pf 
swelling recalls to min^ the taking up of water by a sponge. Since, 
as we have seen in Chapter V, ions can move through a jelly under 
the influence of an electric current, almost as readily as through 
liquid water, it would appear that there exist continuous liquid 
channels, or pores, tliroughout the whole volume of any jelly. On 
the other hand, the comparative rigidity of a j(flly, and its familiar 
[)ower of shininiering ’ — that is,^of performing elastic vibrations 

sngg(‘sts that then' is something in the nature of a continuous 
solid framcw<u‘k.‘’ 'J'his leads us to ])ostulate a two-phase ” 
structure, (‘ompai'ahle to that of a sponge or honeycomb ; accord- 
ing to this view, a- solid framework built up of colloid particles in 
close union i^ threaded by continuous chamuds containing a Iiqui(T 
phase. 

At the same time, it should be remarked that many physicist^, 
adhere to the view that a gel is a homogeneous (onc-jfliase) material, 
'khere is no need to enter into this controversy, wJiicIi is mainly 
one of detinition. Jt has already been cx])laincd that a colloidal 
solution stands midway between a true solution (a one-phase 
system) and a coarse suspension (a two-phase system) ; in just 
the same way a gel must be regarded as intermediate between a 
bomogeneons (one- phase) glass and a tvvo-])hase sponge or honey- 
comb, the diimmsions of the walls and eli:innels being of the same 
order of magnitnde as those of colloidal particles. 

As already stated a gel can be obtained (I) by tin' setting of a 
sol and (2) by the swclliinf oi a dry colloid. Jt is eonvenieut to 
consider these processes se})arHtely. 

The Process of Setting. The process of the setting of a sol 
to a gri has li^'en studied under the ultra-mieroseopc.* The results 

^ C. E. Davis, K. 'F. Oakes aiul It. H. Browne, J. Aiiu r. Chan. Soc. 43 
(1921), 152G. Sometimes the viscosity after reaching a maximum begins to 
decrease again, but this is duo to putrefaction. 

^ Compare A. 0. Rankino, Trans. Faraday Soc. 16 (14)21 )» Appendix, p. 54. 

® The elastic propert ies of gels are studied in detail by S. E. Sheppard, 
and S. S. Sweet, J. Amcr. Chem. Soc. 43 (1921), 539. 

^ W. Baclimann, Zeitsch. Arumj. Chem. 73 (1911-12), 125. Compare 
W. Mentz, Zeitsch. Phys, Chem. 66 (1909), 129 ; R. Zsigmondy, Rhys. Zeitsch, 
14 (1913), 1098. 5 
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observed are not ,ve:py easy to interj[jrot, especially since in many 
cases— notably in gelatfine solutions- - ‘the typical particles are — 
in the initial stages of setting— too small to be observed. The 
observ^ti(^ns, however, appear to indicate that the colloid particles 
unite ‘ togetly^r during the setting process, and that the process 
continues as the gel ages. I'Tore definite evidence regarding the 
structure of gels is to be observed in the gels of soap and of fibrin.^ 
In such gels it is apparent that the colloidal particles have united 
together in strings to form fibrils and filamepts. Probably the fila- 
ments actually observed in the ultra-microscope are only the ex- 
ceptionally big ones, the typical filaments that make up the jelly 
being too small for detection. However, the presence of these 
visible fibrils docs seem to indicate the tendency to form a 
filament structure during the process of “ setting.” 

It is probable that the ultimate constituents, i.e. the colloid 
particles of tbe gel, «are the same as those of the colloidal solution ; 
but, whereas in the colloidal solution they move about independently, 
and display Jh'ownian movement, in the gel the paiiicles have 
gathered into threads or networks of comparative stability ; it is 
this network structure which apparently causes tile mechanical 
and elastic properties of the gel. Brownian movement ” appears 
^^.ever to be observed in a soap solution after gelatin ization has set 
in ; ifi a gelatine solution, as setting takes place, the free “ trans- 
latory ” movement (Brownian movement) is gradually replaced 
by an oscillatory movement about fixed points, and this oscilla- 
tory movement diminishes in amplitude? as the setting process 
continues.^ 

Apart from cpicstions of mechanical rigidity and elasticity, the 
properties of a gel ” and a “ sol ” are extremely similar. Laing 
and Me Bain have compared the properti(‘S of a certain soap (sodium 
oleate) in the “ gel ” and ’ sol ” forms, and have found them to be 
identical in conductivity, refractive index, concentration of sodium 
ions and osmotic activity- a striking prhof of the ultimate similarity 
of a “ sol ” and a “ geh” ^ 

On the oth(‘r hand, they consider that a soap “ curd — such 
as is obtained on cooling a hot coiicentrated solution of the soap — 
LS essentially diperent from a “ gel ” ; a curd is the result of the 
“ crystallizing out ” of the soap in the form of long fibres which 
interlace producing a felted mass ; the space between the fibres 
is filled with the saturated solution, with which they are in equili- 

^ J. O. Wakelin Rarratt, Trans. Faraday Soc. 16 (1921), Appendix, p. 49 ; 
Biochem. J. 14 (1920), 49 ; W. F. Darke, J. W. McBain and C. S. Salmon, 
Froc. Roy. Soc. 98 [A] (1921), 399. 

2 M. E. Ruing and J. W. McBain, Trans. Chem. Soc. 117 (1920), 1617. 

* See W. Bachmann, !?eitsch. Anorg. Chem. 73 (1912), i44. 
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brium. The individual fibres may be many fcni/ijnetres ]ftng, but 
are often of barely microsc6pic*diaraetar. * 

Analogy between Setting and Crystallizatitm. There seems 
little doubt that gclatinization is governed by many ^f'the same 
general laws as is crystallization. Qelatinifation apj^-ars to' start 
from nuclei, for a gelatine solution sets more quickly if solid gelatine 
is added to it. Indeed a case has been described in whicli a “ gei ” , 
after setting was found to have the polygonal structurfc characteristic 
of cast metals ^ ; it is ddficnlt to avoid the conclusion that, in such 
a gel, the setting has commenced at definite points within tlic liquid 
and sj)rcad out wards until the jelly mass advancing from one point 
has come into contact with that advancing from another, ])roducing 
the well-known polygonal structure. 

it is possible to push the analogy further and to apply von 
Weimarn’s principle to the ease of gclatinization. In the last 
chapter it was ex])lained how, in the precipitation of a sparingly 
soluble salt, a high degree of supersaturation leads to precipitation 
commencing at a large number of points, producing a fine precfj)i- 
tate, whilst a. low degree of supersaturation leads to a coarse pre- 
cipitate. SoTilso, in the setting of a concentrated gelatine solution, 
gclatinization appears to commence at innumerable points close 
together, but when a dilute gelatine solution (04 per cent.) 1.%- 
allowcd to evaporate spontaneously at ordinary temperature, 
gelatinizal ion commences at comparatively hnv points, and we 
obtain se])arate splierical grains large enough to be distinguished 
under th(‘ microscope. ^ 

It is, however, illogical — in the opinion of the present writer — 
to assunn; that because gclatinization obeys the same qualitative 
laws as crystallization, it should be regarded as a species of crystal- 
lization. Jt would indeed be very strange if von Weimarn’s prin- 
ciple did not- extend to all changes wliich spread from a nucleus 
outwards ; the chance of the s|)ontaneous ])roduction of a nucleus 
at an^ given point, in a .soluthm is increased as the solution becomes 
juore and more supersaturated, and W(‘ may e.xpect the number 
of nuclei ])rodueed in 1 c.(^ of liquid to increase as the supersaturation 
is incr^;ased. Jlhis argument is (luite independent of the nature 
of the chang(‘, and will hold good wliether we .^ippose crystal- 
lizatioji and gelatinization to be identical phenomena or* distinct 
phenomena. 

In the opinion of the present writer, gelatinization is not a form 
of crystallization, but consists in the joining up of the primary 
colloid particles in interconnected strings so as to form a continuous 

^ W. B. Hardy, Proc. Roy. Soc. 87 [A] (1912), 29. • 

“ S. C. Bradford, Trans. Faraday Soc. 16 (19^), Appendix, p. 44. 
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networl^^ Of course ^the view tkat gplatinizaMon is distinct from 
crystallization in no^ way ejxludes Vhe possibility that the colloid 
particles themselves may have a crystalline character, as is un- 
doubtedly/ cc^rtain colloids, the case. 

The Process of Swelling J The second method of producing 
a gel — by ^placing the dry colloid in a liquid, and allowing it to 
' ** swell ” — ha,s also received careful study. ^ Gelatine swplls to a 
gleatel* volume in acidified water than in water containing a neutral 
salt ; it is also swollen by alkalis. If the swelling powers of different 
acid, neutral and alkaline solutions arc compared, the minimum 
swelling is found roughly to correspond to the “ iso-clcctric point.” ^ 
Since peptization is also at a minimum at the iso-electric point, it 
follows that swelling is closely akin to peptization. Swelling 
agents, like peptizing agents, are those which confer a charge on 
the colloid — no doubt through f»!ie selective adsorption of a positive 
or negative ion. But wliercas in peptization the colloid breaks up 
an^ becomes dispersed throughout the solution, in “ swelling ” 
the solution ('m])loyed is absorbed into the iTiterior of the colloid 
*^mass, which visibly increases in volume. The factor that appears 
to decide whether swelling can take place without peptization is 
presumably the cohesion of the colloid substance. Gel-forming 
"Substances- — glue, rubber, isinglass, silicic acid are all substances 
of high cohesion. Thus in gelatine, which has already become 
swollen through the absorption of a quantity of water — although 
the different particles have been to some extent forced apart from 
one another by the water— they remain linked up as strings or 
networks of sufficient strength to confer rigidity and elasticity on 
the jelly. On the application of heat, the thermal agitation causes 
the strings to break up ; the jelly loses its rigidity and a colloidal 
solution is formed ; but the attractive forces between the particles 
do not vanish completely, being responsible for the high viscosity 
of the liquid. ^ 

In the swelling of rubber by organic liquids (chloroform, benzene, 
etc.) the swellijig may continue until a point is reached at which 

^ H. It. Proctor, Traii.s. Chcin. Sor. 105 (1914), 913 ; ./. Ifo;/. Sor.,4rts. 66 
(1918), 747 ; Trans. Faraday Soc. 16 (1921), Appendix, )). 40 ; H. It, Procter 
and J. A. tVilHon, ^Trans. (■hnn. Foe. 109 (1910), 307. It lie.s outride the scope 
of this book to couHidor the mechanism of swelling, and the application of the 
so-called “ Donnan oquilibriurn. ” Those interested should consult the 
references just given and also F. G. Donnan and A. B. Harris, Trans. Chern. 
Soc. 99 (1911), i.'>r)4.* See also J. Loeb, J. Oen. Physiol. 4 (1922), 351. 

2 D, J. Lloyd, Biochem. J. 14 (1920), 152. See especially Fig. 4. Also J. 
Loeb, Trans. Faraday For. 16 (1921), Appendix, p. 153. Compare C. R. 
Smith, J. Amer. Chem. Foe. 43 (1921), 1350, who finds that the osmotic 
pressure of*n gelatine “ .sol ” (and probably that of a gelatine “ gel ”) is a 
minimum at the iso-electr,ic point. 
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the cohesion of the 'gel vajaiihes and the^wlfolef breaks u]p into a 
colloidal solution • The volume to wlftch a ^ven mass of rubber 
will swell before breaking down appears to be roughly independent 
of the liquid absorbed ; presumably the'- jjoint at whkh^the gel 
changes into a sol represents the {loint at which the maximum 
strength of the distended strings of particles is excecfled, and they 
break asunder. ^ 

Gelatinous Precipitates. It lias already been suggested thal, 
when ail aqueous sol ‘^sets ” to a gel, the gelatinization generally 
starts from nuclei within the liquid, just like the crystallization 
of a molten metal, and extends outw'ard from these points until the 
whole of colloid is in the gel-form. If the original concentration 
of the colloid was high - so that the w hole of thi' water present is 
included w ithin the gid produced - tlu' jtdly growing from one 
nucleus will meet that growing fi^om another, and so the whole 
liquid W'ill- at the end - turn to a single coherent mass of jolly. 

If, on the other hand, the concentration of colloidal substtidace 
is low, there will still be water between the gelatinous masses, 
w hen the w’hf>le of the colloidal substance has passed into the gel-* 
form. In such a case, the masses of gel formed sink to the bottom 
as an incoherent gelatinous precipitate, clear liquid remaining 
above. 2 

The gradual passage from a true jelly to a gelatinous precipitate 
as the amount of water is increased is shown clearly by the following 
observations on the production of chromic hydroxide by the treat- 
iuent of chrome alum solutions of different concentrations with 
])otassium hydroxide in excess.-^ 


RaUo 

(Ihrome Alum : Water. 
\:d . 

1 ; 18 . 

1 ; 50 . 

J«:100 . 

1 : 800 . 


Character of Product. 

Wiiole sot« to u jHly. 

.Jelly witli fioinc water at tin* lop, 

^.Tolly witli some water at Hh' toji. 
iSoft jolly below, eleur water above. 
Gflatiiiou.s precii>itulc bclow^ ; water above. 


Many other highly insoluble liydroxides— and especially those of 
aluminium and iron — have a gelatinous character^ when obtained 
by precipitation. • 

As to whether a precipitate or a jelly is formed depends, however, 
on several other factors besides concentration^ If the particles 

^ P. Bary, J. Chim. Diya. 10 (1912), 445. Compare Wo. Ostwald, KoU. 
Zeitsch. 29 (1921), 100, who finds that the swelling power of liquids varies 
with the specific inductive capacity. ^ 

^ Compare the observations of S. C. Bradford, Biochem. J. 15 (1021), 553. 
« K. H. Bunce and L. S. Finch, J. Phys. Chem. (1913), 776. 
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are but little heriVier 'fcha<n the mediyrife whicli they are dispersed, 
and if the liquid is* viscous, they will tend to Ireniain suspended 
when gelatiniza^fon commences at different points ; such con- 
ditioi^i %ii dur the forpiation of jelly. If the particles are heavy 
and the liqu'id non- viscous, the growing aggregates tend to )iink 
and we g(^ a precipitate.^ '^his is one reason why in inorganic 
' chemistry it is<-so much more difficult to get trills jellies than when 
\\\} ant dealing with organic emulsoid colloids, which are light and 
form viscous solutions. * 

Are Gelatinous Hydroxides real Chemical Individuals ? 

Wluai ammonia or sodium hydroxide is added to a solution of a salt 
of a melal like iron, aluminium or chromium, the gelatinous jirecipi- 
tate produced is usually referred to as a ‘‘ hydroxide ” and is some- 
times written Ee (OH ) A1 (O H ) and Cr (OH ) 3 . It is, however, obvi- 
ous-in view of what- has been said above -that, (‘ven if the essential 
constituent of the precipitates be bodies of tlie typo Ee( 0 H) 3 , tlu' 
precipitate is certain to contain water in excess of that indicated 
by the formula re( 0 H )3 (or Ee^Oa.'lH^O, as it may be written). 
*\Vhen the precipitate is heated it loses part of th(^ w^ter, the final 
composition depending upon the temperature employed, and the 
j^iressure of aqueous vapour existing in the atmos])here in which 
it is heated. The composition varies under different conditions 
between wide limits, nor is there any deffnite indication that the 
process of desiccation is arrested wluui th(‘ compositioji corresponds 
to the formulae Ec(OH);„ A1(()H);, and Cr(OH).„ or indeed to any 
other hypothetical liydrate.- P\jr this rc^ason, many cdiomists 
consider that the so-called “ hydroxides” of iron, aluminium and 
chromium are not chemical individuals at idl, but that they are 
merely, as it were, sponges of the anhydrous oxides lA'.f);,, Al^O^ 
and Cr^O;, containing variable quantities of water in tlu' capillaiy 
channels. Whether this point of view is correci or not, it is clear 
that all conclusions regarding the existence of definilc cliemical 
individuals which have been based by chemists from time to*limo 
upon the analysis of “ gelatinous ” preparations must be regarded 
as utterly wrong. The composition of such precipitates is emtirely 
variable, and if a gelatinous or slimy mass happens to show, upon 
analysis, "a composition agreeing with some definite formula, the 
agreement must be looked upon as fortuitous. Before any attempt 
is made to establish the identity of some chemical individual, it 
must be obtained in a definite crystalline — or, at least, a “ sandy ” 

‘ Th. Svedberg, Trans. Faraday Soc. 16 (1921), Appendix, p. 8. 

2 Compare* J. M. van Bemmelen, Hec. Trav. Chim. 7 (1888), 37 ; Zeitsch. 
Anorg. Chem. 20 (1899), 185; 62 (1909), 1 ; TT. B. Weiser, J. Phys. (Jhem. 
24 (1920), 277, 505. 
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— form. Thus, aluminium hydroxide, wh*eii,obt{yned bj^^the s^ow 
action of air containing carboA dioxid* upon sodium aluminate, is 
obtained as a* sandy precipitate- possibly of a crystalline cliaracter 
— which has a composition accurately correspond iflg tc^ formula 
AlaOa.SHaO OF Al(OH)3 ; but the hydnfxide obtiined (Juickly 
by the action of ammonia on an aluminium salt solution is of a 
gelatinous character, owing to the high d(‘grc(' of su[)i*fsat\iration, 
involved at the momeiit of mixing, and the composition i,; hope- 
lessly variable.^ It i.t noteworthy, that, by the treatment of the 
gelatinous form with dilate sodium hydroxide for some months, 
it^ can be converted to a tine crystalline form, consisting of micro- 
scopic bar-shaped crystals ; and this crystalliiK^ form has now a 
definite com])osition, AI0O3.3H2O. 

It appears to the ju’esent writer tliat, if the com])act, sandy and 
crystalline particles ol)tained l)y fjow process(‘s are hydrated, it is 
very im [probable that the ultimate particles of the gelatinous form 
obtained by quick precipitation are anhydrous. It is clear that 
chemical analysis is })Owerleas to sliow whether a liydrate e^i^ts 
in a gelatinous precipitate, or not ; but it does not follow that some 
physical inelhod may not succeed where the chemical method has 
failed, d'he fact that the vapour pressure of these gels varies 
continuously with the w'ater-content, showing no sudden change 
at the '"'omposition coi*responding to a given hydrat(\ is no argu- 
ment against the existence of such a hydrate ; the vapour pressure 
of water contained in a narrow capillary tube is well known to be 
lower than that of water in a wide tube, and, if one imagines that 
pores of all diameters varying between wide limits exist in the 
gel, we may expect that the vapour tension will fall off continuously 
as the water is ('xp(‘lled from the g(‘l, windher any chdinito hydrate 
be jnesent or not. 

'riiere are, as a, matter of fa(;t, two s(*j)arate reasons wliy sub- 
stances in a tine state of division will show, on analysis, a departure 
frqpi the composition of t1ie same substance iji a compact state. 
Both are coniiected with the bict that the rat/io of surface to volume 
is greater in the case of the dispersed substance than in the compact 
subst.ince ; ..in other words, the effect of the surface layer ” of 
atoms rwhich can be neglected in the ease of compact body-~ - 
cannot be disregarded in a finely divided body. The fifst cause of 
disturbance, which is important in the case of the gelatinous 
hydroxides, is the effect of absorbed water clWiging to the surface 
of the particles, or of capillary water contained in the pores. A 
second cause of possible disturbance, which has scarcely been in- 


^ F, Goudriaaii, Froc. Ainst. Acad^ 23 (1920), 129. 
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vestigatet experimentally up to the prf^^sent time, may be predicted 
as a result of our knowledg 3 of the' crystal-strucrl^ure obtained by 
means of the X-ray method. Consider the crystal-structure of iron 
pyrites, '/iiis is known to be made up of a large number of 

minute unit cvbes, eacl/containing one sulphur atom in the interior, 
and four iron atoms at certain SL;orners (Fig. 72). The composition 
ni a single *“cubo is Fe 4 S, but if a very large nuipber of cubes are 
])l{iced togethe/, so that the same iron atom serves for the corner of 
eight cubes, the iron content of the aggregate is reduced to one- 
eighth, and the formula, instead of being FC 4 S, becomes FeSo. In 
arriving at the formula FeS^, we have, however, neglected to take 
account of the effect of the surface layers, where a single iron atom 
caimot serve eight cubes ; therefore if the crystals are not moderately 
large, we may expect a deviation from the limiting composition 
FeSa- Iron pyrites particles consisting of unit cubes - which 
should be visible under the ultra-microscope — will have the com- 
position FeSi.gg.' 

'ihere are, therefore, tw'o reasons why finely divided substances 
may deviate from their ^ “ proper ” 
composition, but this does not mean 
that the particles of a finely divided 
substance may not be thought of as 
being built up on a plan which, if 
continued indefinitely— as is the case 
in tlie same substance wdien in the 
(compact state — would lead to a 
simple atomic formula. Before we can 
determine whether ‘‘ hydroxides ” of the type Fe( 0 H )3 do exist 
in the slimy precipitates referred to above, we must discover some 
method which will enable us to distinguish the “ combined ” water 
existing in the interior of the component particles of the precipitate 
from the capillary water ” contained in the pores of the gel, and 
from tin; “free” water clinging loosely to the precipitated m»{?s. 
To distinguish the “ combined,” “ capillary ” and “ free ” water 
is not easy. A method has been worked out 2 which dejiends on the 
expansion observed when the gel is frozen ; from thi: cxpatision 
the content of fre/* and capillary water can be calculated tnd the 
“combineef” water is found by difference. Unfortunately, there 
is really no good independent method of checking the results, which 



72. — Crystal Structure 
of Iron Pyrites. 


^ A. Quarteroli, Oazetta, 50 (1920), ii. 60. The criticism raised by A. 
Perueca, Oazetta^ 51 (1921), i. 255, is answered by A. Quarteroli, Oazetta, 51 
(1921), ii. 211. 

* H. W. FoGte and B. Saxton, J. Amtr. Ckcm. Soc. 38 (1916), 588; 39 
(1917), 1103. 
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must therefore be acdepted f qji the moment mth a» certain amount of 
caution. • * » . 


The amount* of capillary and free water naturallj^ varies with the 
method employed in preparing the gel, and the proporf>ir)n<of com- 
bined water obtained by the method is far from constaitt, and seems 
to depend upon the age of the gel. One research upon aluminium 
hydroxide prepared eight months previously by the intclaction ’of * 
ammonia and aluminium chloride showed the preparal^ion to contain 
.‘17*1 per cent, of combined water ; for the formula Al(OH) 3 , only 
34-6 per cent, is required. It is possible to ascribe the difference 
oi 2*5 per cent, to water held in solid solution. A freshly pre- 
ci])itated sample contained 37*7 })er cent, of combined water. 

The amount of combined water cumtaiiied in ferric hydroxide 
varies within much Avider limits according to the method of pre- 
paration ; it is quite possible that tiie compound Ee(()H )3 does not 
exist to any large extent in the precipitate, which juay consist 
mainly of a solid solution of water in 


The Question of Basic Salts. Often a precipitate of a “hy- 
droxide ” tlniown down, say, from a chloride solution includes a* 
quantity of the chloride of the same metal, which is difficult to 
remove by washing ; similarly, a ])recipitate thrown doAVJi from a 
sulphate solution is often difficult to wash free from sulphate. The 
salt ma} be held by surface adsorption, or in solid solution in the 
hydroxide. Such precipitates have often, in the past, been styled 
‘‘ basic chlorides,” or “ basic sulphates.” They can, of course, 
be regarded as insoluble basic salts of variable composition, just 
as the colloidal solution of ferric hydroxide peptized by ferric 
chloride can b(i regarded as a soluble basic salt of variable com- 
])Osition. But sc)mc chemists have gone farther, and have assigned 
definite foianulije to them. This is, in most eases, wrong. It is 
true that many true basic salts such as Pl)Cl2.3PbO are known 
which are definite chemical, individuals of constant composition. 
8ora<?of these, for instance fSbOCl, can be obtained in well-devt'lojK'd 
crystals and their individual existence is as veil established as that 
of any normal salt. But it is entirely wrong to assume- as has 
often been doflo in the past> - that, because chlorine— or some other 
acid radifcle-~is found in a gelatinous precipitate ‘after f^ntinued 
washing, a new basic salt has been prepared. The precipitate may 
be an adsorption product, or a solid solution of a salt in a hydroxide. 
Even if a basic salt is present, it may not have a formula corre- 
sponding to the composition of the precipitate, which may consist 
of a mixture of two or more basic salts. Before the existence of a 
basic salt as a definite chemical individual can be admitted, the 
composition must be shown to remain constaht even when the com- 
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position of the »pliitit)ns^ used for thev^ecipitation are varied to a 
very considerable e^ftentA * * • 

As an exampjc of the tenacity with which adsorbed ions are 
held b^ a ^j^recipitatc^ may be mentioned the case of arsenious 
sulphide. When a colloidal * solution of arsenious sulphide (a 
negative colloid) is precipitateVl by the addition of barium chloride, 
' it Vs the bariujn ions which actually cause precipitation, and it is 
found. impossible afterwards to wash the precipitate free from 
adsorbed bai'ium.- • 

Physical Character of the Colloid Particles. Craham, who 
is often regarded as tlu^ originator of colloid chemistry, considered 
the colloidal state as the antithesis of the crystalline state. It 
appears, however, almost certain that in many cases the colloid 
particles have actually a crystalline character. X-ray work on 
colloidal solutions of gold and silv<‘r, for instance, appc;ars to show 
without doubt that the metallic particles are minute crystals.-’ 
T-ly; optical properties of colloidal solutions of vanadium pentoxide 
appear to point to the existence of particles having some at least 
l)f the properties of crystals.'* Furthermore, if vf;n Weiman’s 
view — referred to in the last chapter — is acc(*pted, and wo agree 
Jhat apparently amorphous gelatinous ju’ceipitates are really 
crystalline in character, it is difficult to avoid the vi(‘W that the 
ultimate particles of jellies, also, are really crystalline particles. 

Jn assuming a crystalline character for the ultimate colloid 
particles of sols and gels it is not intended to sugg(‘st tliat the outline 
of the particles corresponds in every case to a perfect geometrical 
form ; in many cases tlu'y arc probably best rega]-d(‘d as roughly 
spherical ; the word crystalline ” is used only to describe the 
internal arrangement of the atoms. Von Weiniarn’s work on barium 
sulphate may be recalled once more. From very dilute solutions, 
this salt is precipitated in geometrical forms, from rather jnore 
concentrated solutions in dendrites, »from solutions of average 
concentration in the familiar fine “ apparently amorphous ” fdrm, 
and from very concentrated solutions in a gelatinous condition. 
In the latter case, the ultimate particles, which adhere together 

c « 

^ 8ee F.*B. Allan, Arner. Chem. J. 25 (1901), 307, who treats the question 
from the standpoint of the “ Phase Rule.” Also W. L. Miller and F. B. 
Kendrick, J. Phys. Chem. 7 (1903), 259 ; H. B, Weiser, J, Phya, Chem. 24 
(1920), 605. 

2 S. E. Linder*and H. Picton, Trans. Chem. Soc, 67 (1896), 63. 

^ P. vSeherrer, Nachr. Oes. Wise. Qdttingen (1918), 16 ; abstract, J. Chem. 
Soc. 116 (1919), 274. 

* W. Reinders, Proc. A?nst. Acad. 19 (1916), 189. See, however, the 
interesting ^iews on this subject put forward by H. Zocher, Zcitsch. Phya. 
Chem. 98 (1921), 293. • 
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in flocks, cannot btf made^<^it, but it is ,voty unlikely tnat they 
possess any defiititc geometrical form* • 

Summary. Colloids may be divided into *,«uspeivsoids and 
omulsoids ; a colloidal solution of a susjx'ri^pid charA^tfT\s,inter- 
merfkitc between a true solution an(f,a susj)ension, whilst a solution 
of an ernulsoid is regardtxl by many chemists as the norriial solution 
of a substance wllich has naturaliy large moleeul(N‘i. Colloid par-'" 
tides are small enough to exhibit thermal (Brownian) moVemeflt, 
and yet large enough to be visible -in many eases- in the ultra- 
microscope. '^^riie particles are positively or negatively chargcal, 
and mov(' towards cathode or anode when the solution is elec- 
trolysed. The charge is essential to stability ; if, by addition of an 
electrolyte, the particles are remh'red electrically neutral, floccu- 
lation occurs. 

The chai’ge is due to the ])refeif‘ntial adsorption of certain ions 
by the jiarticles ; the dischargi; is caused by tlie adsorption of ions 
of th(? opposite sign. The flocculation of m'gatively charged colV^iiis 
depimds on the nature of the cation of the flocculating electrolyte ; 
the flocculation of positively charged colloids de])(mds on the aniort 
of th(^ flocculating electrolyte. In general, tri valent ions are more 
dTective flocculators than divahuit, and divalent more effective 
than monovalent. Aluminium salts are powerful floceulators of 
negative volloids. The addition of an aluminium salt to a colloidal 
solution of gold, or a suspension of oil-drops in water, first neutra- 
lizes the negative charge, and then, if added in suflicient fpiantity, 
renders tlie particles or dro})s jiositively chargcil. 

When precipitated hydroxidi's arc shakiai with dilute salt solu- 
tions, or dilute acids or alkalis, they often adsorb ions, and break 
up into charged colloid particles which rimiain sus])ended. This 
process is known as ])e|)tization. 'Phus ferrii; hydroxide is peptized 
by ferric chloride, through the adsoi-ption of ferric ions. The 
colloid particles can be regarded as the positive ions of the complex 
salir f.rFc(()H) 3 .yFe jClaj^, but it is not a complex salt of definite" 
composition. 

An^ alternative method of preparing colloidal solutions of nor- 
mally insoliil)lc substances is by double decomposition carried out 
under saicli conditions that the particles produced, beiag charged 
through tlie adsorjition of ions, do not unite together to form a 
visible precipitate. 

Colloidal solutions of the metals can be produced by allowing an 
arc to pass below the surface of water between electrodes made of 
the metal in question. They can also be prepared by the reduction 
of salts. The “ sols ” are normally unstable, as the particles readily 
join together to form secondary aggregate^f ; but they are rendered 
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stable by the pEcsenfce pf certain “ jn^tectivft ” organic colloids. 
“ Fogged ” lead chbride, Mlver cliloride rendered violet by the 
action of light, ajd ruby glass all owe their colour to colloid metallic 
particle#. # * , ^ 

Gels can bf produced by th^ “ setting ” of a colloidal solution, 
or by the “ swelling ” of a dry colloid. They appear to consist of a 
'solfd Jictwork, ^probably formed of strings of dblloid ])articles in 
union, » threaded by continuous liquid channeJs. 'J'lie network 
affords rigidity and elasticity, whilst the con! iuuoiis channels allow 
free diffusion. The Brownian movement of the ])articles vanishes 
when they unite in chains to form a gel. 

Where the proportion of colloid ])resent is insufficient for the 
gelatinization of the whole liquid, a g(ffatinous jweeipitate may be 
])roduccd, which gradually sinks, leaving a clear liquid above. Such 
precipitates are found amongst? the so*callt'd ‘‘hydroxides” of 
metals like aluminium and chromium ; gelatinous precipitates 
atl^ys contain watei* in variable amount, and it is impossible to 
assign a definite composition to them as the result of chemical 
analysis ; possibly physical methods may show whctheji it is correct 
to regard these substances as being definite hydroxides. 

The gelatinous “hydroxides” often also contain considerable 
qtiantitics of adsorbed salts (chlorides, sulphates, etc.) which are 
unremovable by washing ; such precipitates are often referred to 
as basic salts, but they should be distinguished from the “ basic 
salts ” of definite composition. 

Many of the primary particles foiind in sols and gels appear to 
have a crystalline character, but this does not necessarily imply 
a definite geometrical form. The fact that the process of gelatini* 
zation follows many of the same laws as crystallization d(K\s not 
imply that the j)rocesses are identical. 
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• CHAPTER VJIt 

DECOMPOSITION VOLTAGE AND THE E.M.E. OF 
A CELL 

Decomposition Voltage of an Electrolytic Cell. It is 

necessary to return to the phcnoijiena accompanying the passagci 
of electricity through a solution of an electrol 3 rte, as exhibited in 
an electrolytic cell. It was pointed out, at the eomincnccraent 
of Chapter V, that whereas a metallic conductor is unchaiiff?! 
by the passive of electricity through it, except for a small rise of 
temperature- the application of a P.I). to a solution may produce 
l)oth (1) motion and (2) decomposition in the latter. 

If we go on to investigate the relation between the Potential 
DitTerenr'e which produces the current, and the stre?igth of the 
current that is produced, an even more stiiking contrast is obtained 
between the two classes of conductors.’ In the case of a metallic 
conductor, the current produced is- in accordajice with Ohm’s 
La w^— proportional to the P.D. which gives rise to it ; the curve 
(amnecting the volts and the amperes will thus he a straight line, 
as is shown by curve A of Fig. 73, which refers to the current sent 
through a iiickcl-chromium wire. On the other hand, if we measure 
the current forced through an electrolytic cell by an E.M.F. of 
varying intensity, we obtain a very different result. Curve B 
indjfates the current forced* throiigh a zinc bromid(‘ solution, carbon 
electrodes being used. Untiljihe P.D. ap])li('fl to the system reaches 
a certain critical value, pracaically no current is forced through the" 
cell ;,^vhen ghfice this critical value is passed, the current lises rapidly 
with an^ further increase in the applied E.M.F. i’he critical value 
is called the Decomposition Voltage. It is true that a iliomentary 
current may sometimes be sent through the cell by an E.M.F. of a 
magnitude less than the decomposition voltago, but this soon falls 
off as the products of decomposition begin to accumulate at the elec- 

^ See a most instructive paper by O. P. Watts, Tram. Amer. Edecirochem, 
Soc. 19 (1911), 91, from which many of the examples are t^en. 

aoi ^ 
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trades, sinks to an afinost negligible quantity. The value of the 
critical E.M.F. ‘depends' o^ the natffiro of the < solution and the 
material of the elecirodes ; it is independent of the shape of the 
electrolytic ^cell the distance between the electrodes. 

The cauk^ of the exif=<encc of^the critical E.M.F. must be found in 
the decomposition which necessarily accompanies the ])assage of 
ele^'tricity^ through the solution. Tf the electrolytic cell consists 
of two copper electrodes immersed in copper sulphate solution, the 
critical E.M.F. is practically nil. Here th^ effect of the current 
is to dissolve copper at the anode and to deposit an equal amount 



Fl(!. 73. — X'ariiilioii of Ciirrnil with IM). to (/I) Nirk('l ChroiiHiini 

Wiff ; [li) Ziiio Broniidt' Solution l)('two(Mi Carhon Bloclrodes; (C) 
('op[)ei’ Sul])liat(^ Solution Indween ('o|)|M‘r KIcftrodo.s. 

at the cathode ; the net result is merely a transferenet' of metal 
from one place to another ; since, tht'refore, there is no chemical 
work to acconijtlish, the smalh'st F.D. will siilhce to forct^ current 
through the cell as is shown in cairve C (Fig. 73). But, in the ordi- 
- nary electrolytic cell, decomposition is brought about ; that vs to 
say, the current is called upon to perform chemical work. If the 
electrolytic cell consists of two carbon electrodes immersed in zinc 
bromide solution, each 2 >, l)b,580 coulombs of electiicity 'which 
passes involves the decomposition of one gram-molecular Weight of 
zinc bromide according to the equation 

ZuBi’a Zn + Brj. 

Now, when zinc and bromine combine to form zinc bromide in the 
presence of water, forming a solution of zinc bromide, there is great 
evolution of heat, amounting to 90,960 calories for the gram- 



DiTCOMPpSITION VOLTAGE 303 

molecular weight. ^ the zinc b^midc io once ’more to, be sj^lit 
into its elements, |tliis amoifift pf energy 1ms lo *bc supplied. Let 
us assume, for .the moment, that it is all to be slipplied as electrical 
energy—and that there is no absorption or evoluti*m of heat in the 
electrolytic cell. The electrical energy invojyed whe.^**'^ X fl6,580 
coulotnbs are forced through the cell by a P.D. of E vAts is 

• 2 X 96,580 X E joules, * , 

which is equivalent to * , , 

2 X 96,580 X E x 0*24 calories of heat energy. 

If, therefore, this is to be equal to 90,960 calories, E must be equal to 
90,960 

2 x 96,580 X 0-24 
that is, to about 14)6 volts. 

Actually it is found that th(^ deecfm position voltage, below which 
zijic bromide cannot be decomposed, is 1-80 volts.^ The discrep- 
ancy, amounting to 0-16 volts, is mainly due to the fact that 
assunqjtion made above -namely that there is no evolution or 
absorption o^ heat in the electrolytic process — is not justilied ; 
although, in the electrolytic process, the energy is mainly supplied 
by means of the electric current, actually a small absorption of heat 
energy occurs at the electrodes, and conse(jiiently a slightly smaller 
E.M.F. than 1-96 volts suthces to carry out the decomposition. 

A similar heat-elTcct occurs in most cases of electrolysis, although 
in sonu' cases it is an evolution of heatr - instead of an absorption — 
which is observc'd at the electrodes. For very rough purposes, 
however, t he heat effect accompanying electrolysis can be neglected, 
and — if this is done — we can use the argument just (unployed to 
obtain a. general equation connecting the deconjposition voltage, 
E, and the aniount of heat-energy, r/, which would be needed to 
bring about the decomposition of one gram-molecule thermally. 
The electrical cnei'gy which is exerted when a gram-molecule is 
dec(tniposed at the E.M.F. JO is 

E X 96,^80 < joules, 

where!* is th.) number of electrons taken up when one molecule 
is decomposed (e.g. two for NiClg ; one for AgNOs^ctc. ; three for 
AICI 3 ; and six for Al 2 {S 04 ) 3 ). 

This quantity of energy is equivalent to 

E X 96,580 X n X 0-24 calories, 

^ According to J. Thomsen, “Thermochemistry,” translation by K. A. 
Burke (Longmans, Green). 

“ M. Le Blanc, Zeitsch. Phys. Chem. 8 (1891), 322. 
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toiscLrge , tb ,+ fbO^ + ’ 2 HjS 04 = 2 Pt)S 04 + SH^O 
Charge . . 2 pbS 04 4 2 H 4 O ' “ = Pb 4 PbOj 4- 2 HjS 04 

In the charg 9 cl state the negative plates of an accumulator con- 
sist essenti^Uy of spongy metallic lead supported in a grid or ribbed 
plate of lead, whilst the positive plates consist of lead peroxide 
(PbOa) similarly supported. During the discharge a certain 
amount of lead sulphate is formed on each plate ; the reaction 
Occur/’ing at each plate can be written separately, thus - 

At the negative plate, Pb + ^^ 04 " = PbS 04 -f 2e 

At the positive plate, PbOo + -f SO/' + 2e -= PbS 04 + 2H/) 

The reverse changes occur at each plate during the charging. 

'Ihe critical E.M.F. which should be derived from the heat- 
evolution (87,200 calories) connected with the change, 

Pb-f PbOa + 2H,S04 - 2PbS04 + 2H,0, 

^ 1 - be calculated roughly from the simple equation 

E -..J- X -000042 volts. 
n 

87 ‘^OO 

It should be X -000043 - 1-87 volts. 

The discrepancy between this value and the 2 volts met with 
in practice shows that here also — besides the transformation of 
electrical to chemical ene'rgy and vice versa- - other transformations 
of energy must be occurring. As a matter of fact, when a lead 
accumulator is charged, a certain amount of the electrical energy 
used up appears as heat which is evolved at the electrodes ; during 
the discharge, an equivalent absorption of heat appears and the 
accumulator tends to become cooler. This reversible heat-effect 
at the electrodes accounts for the working E.M.F. being actually 
about 2 volts, as opposed to the calculated value of 1-87 volts. 

Primary Cells. From the accumulator, which acts alternately 
as an electrolytic (current-absorbing; cell and as an electric (current- 
producing) cell, it is natural to pass to the })rimary electric cells, 
which are designed essentially as producers of current. Consider 
the Daniell cell ; here, the positive pole consists of a copper sheet 
immersed in a solution of copper sulphate, whilst the negative 
pole is a zinc stick immersed in zinc sulphate ; the two solutions 
are separated by a porous wall, which prevents undue mixing. 
When the cell is producing current, metallic zinc enters the solution 

Joubert, Tmn/t. Arnp.r. Ekctrochcm. Soc. 37 (1920), 041 . The matter is further 
discussed in Vol. JV in, the section dealing with lead. 



E.MiF. OF A CELL 


307 


producing zinc ions; a?id leaving •the zirnf rqd with an Jxcesal of 
electrons ; mean^/hile, at rtie popper ^heftt, copp'er ions, ‘from the 
solution take up electrons and form atoms, which^appear as a fresh 
deposit of metallic copper ; this process causes •a copMryial pro- 
duction of electrons at the zinc rod,, and anti>bsorptioh of elttjtrons 
at tl](t 3 copper plate, and so maintains^the current. The changes can 
be expressed thus:- • • 

At the negative pole . . . Zn ^*Zn‘’-f^c • 

At the positive po4e . . . Cu" -f 2c -- Cu 

By adding tlio two changes together, wo obtain for the reaction 
in the cell as a whole, 

Zn + Cu“ Zn" + Cu, 
or, in noii-ioni(t language, 

Zn -f (Hj 8()4 «ZnS(), -f- Cu. 

If some metallic zinc be introduced into copper sulphate solution, 
in an ordinary glass vessel, copper is precipitated in a spongy fofy' ; 
the same (change 

• Zn + CnHO, ZnSO,, 4 - C'u 

is h(‘ro proceeding, but, since no electric current is produced outside 
the vessel, the energy is liberated -finally, at least- in the form 
of heai By observing the rise of temperature it can be found 
that 50,110 calories accompany the change. Assuming that, in 
the Daniell cell, th(' whole of the energy is liberated iji the electrical 
form, we might ex])ect' an E.M.F. of 

I.; „ > •O0(M>4:5 108 volts. 

Now this is very close to the actual E.M.F. (LOOfi volts) prodiu'ed 
by a Daniell cell, and it follows that in this ease the chemical energy 
is transformed into electrical energy without apprecialde absorption 
or evolution of heat at the dlectrodes. It is not intended to imply 
t hat* no heat is (‘volved when a Daniell cell produces current, because 
the friction of the ions moving through the solutions necessarily ’ 
causes ^a slight ris(! of temperature in the body of the solution. 
What is j)ractically absent in the Daniell c(4l is the rcver.sible heat- 
etfect at the e/ec/m/e,s- -the effect which, in the lead acminiulator, 
represents an evolution of heat during charge and an absorption 
of heat during discharge ; we have independeijt evidence that in 
the Daniell cell the reva^rsible heat-effect is extremely small. 

When it is stated that the E.M.F. of a Daniell cell is l-OOG volts, 
we really mean that a Daniell cell will " balance” a P.D. of #1-096 
volts ; if a Daniell cell is opposed to another ^cell — or source of P.D. 



308. . METALS AND METALLIC: COMPOUNDS 

. I ^ r r ' 

— ^ieldmg LOOG vplt§, n& current will be produj^ed. If, however, the 
externarP.D. bo sljghtfy lyiduced-^ to 106 Volts — the Daniell 
cell will commence to furnish current, whilst if the* external P.D. 
is sligtitl^, incltased — say, to 1-2 volts — current will be forced 
through the, Daniell 'cfjll in the opposite direction; in that .case, 
the reverse change 

^ ^ Cu + ZnS 04 Zn + CiiSO,* 

^ill plesiiinably occur in the cell, which is for the moment acting 
as a current-absorber. Althougli the Darnell cell would scarcely 
make a serviceable accumulator for practical use, it is possible to 
regard it as an example of a reversible cell. 

Most cells of the “ Daniell type ” — that is, cells consisting of 
two metals, each immersed in a solution of one of its own salts — 
are reversible in this sense ; a very slight excess of P.D. over the 
( ritical value will cause current to flow one way through the cell, 
whilst a slight deficit will cause it to flow the other way. On the 
#i^er hand, many cells arc not reversible. The simple cell formed 
when copper and zinc plates are immersed in a dilute acid, for in- 
stance, is not reversible. When the cell furnishes cu rent the zinc 
dissolves, forcing out hydrogen gas on the copper plate. The 
equation, expressed in ionic language, is 

Zn -f 2H‘ = Zn * -f- H,. 

But we attempt to force current through the cell in a contrary 
direction by means of an external E.M.F., then the copper will 
have to be forced into solution, the change being probably 

Cu -b 2H' - Cu- + Ho. 

The reverse external E.^l.P. which must l)e a])plicd to the cell to 
jiroduce this result will very much exceed that which is generated 
when the cell is in action in the normal manner. 

The Potentiometer. In order to measure the E.M.E. of a 
reversible cell, a source of variable P.D. is required, whicli can be 
adjusted until it just balances the P.p. furnished by the cell. Such 
an arrangement constitutes a potentiometer, a convenient form 
Ireing shown diagrammatically in Fig. 75. A series of electric cells, 
B, yielding a P.p. (say 4 volts) greater than that of any cell that is 
likely to ?ome up for measurement, sends a current along the long, 
thin, uniform resistance wire QR. The wire must have a re- 
sistance high compared to all the other conductors of the circuit, 
and the greater part of the 4 volts provided by the cells should fall 
over the wire. A sliding-contact P is arranged to move over the 
wire,* and.,by bringing it to a suitable position, any desired P.D. 
between Q and P can^be obtained at will. When, for instance, P 
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is half-way betweeillQ and R, about 2 volts iwijl Jbe obtained ;*if 
P is three-quartefs of the distance frojn R, 3 volts will be 
obtained ; th5 exact values can be read olf on the high resistance 
voltmeter V. •* ® 

The cell to be tested is placed at X, ojic jtiie being m connection 
witli'Q, and the other being joined — through the sensitive galvano- 
meter A, and tapging-key K to the sliding-contact P, the connec- 
tions being chosen so that the cell opposes the P.i). f i!rnished Jjy tlic^ 
potentiometer. In tlufb case, if the P.D. furnished by the potentio- 
meter is greater than that of the cell, the galvanometer will show 
current passing in one direction. If the P. D. furnished is less than 
that of tlic cell, the galvanometer will register current in the other 



direction. Only when the V.D. betw(H‘n Q and P is (‘xactly equal 
to tliat of the cell, is a “ balance ” obtained, and no deflection 
is obtained when the tapping-key is pressed down. The P.D. 
corresponding to this state of equilibrium is then obtained by read- 
ing tfie voltmeter, V.^ 

If tlie cell is truly reversible, equilibrium is always olitained at 
the same point, no matter from which side it is approached. Since 

^ Many workers prefer to employ a capillary electft)met«L^r to a galvano- 
meter for detecting the want of balance between the P.D.s. If properly 
used the capillary electrometer gives excellent results and is for some classes 
of work preferable. See H. J. S. Sand, Trans. Faraday Soc. 5 (1909J, 159. 
But for ordinary potentiometer work, a galvanometer detector bwilt into the 
potentiometer box as part of the instrument, is^imoro convenient. 
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' at *lhe point of .balance there is no ^urrent passing through the 

* cell which is beings, tested,*' the value is truly the “ equilibrium 
E.M.F.” of the cell ; no error is caused by the small current which 
leaks throijgli tlie? voltmeter, because this (mrrent is provided by the 

* main battery^B, and hvH by the cell X under examination. 

In this respect, the potentiometer method of testing a cell is far 
.metre accui’ate than the rough method commonly; adopted of simply 
joining the cell* to an ordinary voltmeter and noting the deflection. 
In that admittedly more simple method, th6 current sent through 
the voltmeter is provided by the eell which is being tested, and 
the voltage observed is not the ‘‘ equilibrium E.M.F,,” but the 
E.M.F. of the cell measured whilst producing a current ; often it 
may be very perceptibly le.ss than the equilibrium value. More- 
‘ over, as has already been pointed out in the introduction, unless 
the cell has a resistance very syiall compar(‘d to that of the volt- 
meter, an important fraction of the total IM). will fall over the 
lj(|u id within the eell, and for this reason, also— the value obtained 
(m the voltmeter will be too low. Th(‘ potentioiiK'ter iiiethod is 
,free from both these defects. 

Standard Cells. In calibrating or testing a ])otentiometer, it 
is of great service to pos.sess a cell - or cells- the K.M.F. produced 
by which is known with great accuracy. The usual standard em- 
ployed is the cadmium cell,^ which gives an E.M.F, of 1 •0183 volts 
at 20° C, ; the E.M.F. is almo.st independent of the temperature. 
The composition of this cell is 

Cadmium Mercury | Saturated solution of Pa.ste of HgiSOjj Mercury 
Amalgam contain- j Cadmium .sulphate and I 

ing V2\ per cent, i containing crystals of 3CdS04.8H,>() I 
Cadmium ! .3CdS()4.8fl20 in water | 

The amalgam electrode forms the negative pole, tin' reaction there 
being , 

Cd - or' -f 2c, 

< 

whilst at the mercury })oIe fresh metallic mercury is deposited from 
the mercurous sulphate in solution according to the reaction 

• ‘ 2Hg-f2e=:2Hg. 

In the commonest form of the cell, an H-shaped vessel is employed ; 

A criticism of the employment of this type of cell as a standard has lately 
been published by E. Cohen and A. L. Th. Moesvold, Zcitsch. Phys. Chem. 
95 (1920), 285. See, however, reply by W. Jaeger and H. von 8teinwehr, 
Zeitach. Phys, Chem. 97 1921), 319. 
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the mercury and tje amalgam ilccupy if le ^bottoms of*!>ppo^te 
limbs, as shown ift Fig. 76.^* \ ^ • * “ ,• 

Another stgfndard of potential is the. Clark Cell, which consists 
of the combination 


Zinc 


Saturated | Paste of ^ 
Zn 804 solution j Kg 2804 | 


Mercury 


The E.M.F. is 1-^34 volts, but it varies with tcmperaiure more 
than the cadmium cell,; the vaiiation, however, can be allo\v*ed fcTr. 

For rougli work, the Daniell cell (l-09() volts) can be used as a 
standard of potential, but it is by no means so constant as tlu' two 
cells just mentioned. 

Many investigators — when using a potentiometer— omit the 
voltmetei* from the arrangement shown in Fig. 75, and calculate 





C^dm/um 

Amalgam 


Crystals of 
3CclS04.dH^0 
Caste oF/kyCQi 
\AJCc(504.dH^ 

Mercury 


Fra. 76. — Cadniiiuii Cell, 


the E.M.F. of an unknown cell from tlu^ positimi of the sliding 
contact at the point of balance. In this metliod, the stretched 
wire' eff the ^)otentiometer must bo absolutely imiform so that the 
potential drop is uniformly distributed over it. , A cadmium cell 
is first attach('d to the potentiometer at X, and the dTstance QP 
measured when equilibrium is obtained ; let this be equal to 
The cell to be tested is then attached in place of tlp^ cadmium cell, 
and the new position of balance is found ; let the new length of QP 


' Another, more compact, fonn of the coll i.s described by C. J^Roditian and 
T. Spooner, Trans. Amer. FAvctrochem. Sor. 38^(1920), 97. 




Sumi^^r^. ‘Practically no current is forced through an electro- 

• lytic 6ell, and no debAmposition is produced, unless the E.M.F. 
applied to it exceeds a certahi critical value (the “ decomposition 
.voltage ”) ^ this value can be calculated rougMy from the heat- 
absorption which takes place when the same decomposition is 
brought about thermally. The accumulafeon of decomposition 
products at the electrodes causes a “ back E.M.F. of polarization ” ; 
and unless the E.M.F. applied to the cell exceeds the value of this 
back E.M.F., clearly no current can pass. 

In a primary cell, also, the value of the maximum E.M.F. of the 

* ceil is closely connected with the heat evolved when the same 
reaction occurs without the pi;oduction of an external current. 
The maximum P.D. provided by a reversible cell should properly 
be measured by the method of balance on a ])otentiometcr ; direct 
m^yurcment on a voltmeter— especially a low-resistance voltmeter 

^ — yields a value w'hich is unduly low. Cells of the ,Daniell type 
are reversible ” ; if opposed by another P.D. slightly smaller than 
the equilibrium E.M.F. of the cell, current Hows in one direction, 
whilst if opposed l)y a P.D. slightly larger than the equilibrium 
value, current flows in the opposite direedion. 
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SINGLE ELECTRODE POTENTIALS 


The study of the equilibrium E.M.E.s of various cells of the 
Daniell type — consisting of two metals immersed in solutions of 
their respective salts— has led to certain most important results. 
It has been found possible to regard the E.M.F. of the complete cell, 
as being the difference'- between tu^ “ single potentials ” provided 
l>y two “ half-cells.” ^ A few examples will make this clear. The 
ordiiiary Daniell cell combination can be expressed thus, 


Zn I ZnS04 : CuSO, | Cu 

or, in ionic ffinguage, 

Zii I Zn“ I Cu“ I Cu 


Since the E.M.E. produced by the cell is independent of its shap<j 
and the ^listance between the electrodes, but varies with the com- 
position of the electrodes and the concentration of the solutions, 
it is natural to attribute it to the interfaces between the metals 
and the solution. It has become customary to regard the two 
interfaces 


Zn 


ZnS04 

solution 


and 


CUSO4 Cki 
solution 


as each producing a charade risiic P.D. ; the combination of the 
two*§ives the resultant E.M.F. of the complete cell. Necessarily, 
the E.M.F. provided by the complete cell will he the difference 
between the single potentials of the two half-cells, not tht‘ -sam ; 
for, if' tlie two half-cells are identical, as in the cell 

Cu I CUSO4 1 CUSO4 1 Cu ’ ’ 

the E.M.F. of the combination will be zero. 

Such a conception can only be of value if it is known that a given 

^ Strictly speaking, the E.M.F. of the complete cell is the difference between 
the differences of potential existing at each electrode. For euphony the simple 
word “ potential ” is often used, to signify the difference of jyotcn^ial enlisting 
at the interface between electrode and solution. 

313 ^ 
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♦ haf-cell keeps its cjiaiacfcristic I^.D. iij^changccf in all combinations, 

• irrespective of the jiature #)f the cyfcher half -cell* with which it is 
combined. Before proceeding farther, we must te&t this point, 
'rhe E.M.J^.s^of liie following three cells have been measured ; — ^ 

• (1) Zn*|%” ! Ctr* I Cu =. 1-096 volts 
, , (2) Zn I Zn“ I Ag | Ag =: 1*547 vplts 

, ^ ^3) Cu I Cu“ I Ag* I Ag =0-430 volts 

Now if the three half -cells * 

Zn I Zrf 
Cu I Cu*' 

and Ag | Ag* 

• 

keep the same value in all possible combinations, the E.M.F. of 
cell (3) should be the difference of the E.M.F.s of cells (1) and (2). 
Actually the E.M.F. of cell (3) is found to be 0-436 volts, whilst the 
dig^.rence of ( 1 ) and (2) is 

1-547 -1-096 = 0-451 volts. 

Although the agreement is not absolute, we obtain approximately 
the result expected ; the same approximate agreement may be 
f^und if the E.M.F.s of other trios of reversible cells are compared, 
and justifies the conclusion that the potential of a given “ half-ceU ” 
can be regarded as a fixed value, independent of the other half -cell 
with which it is combined. 

It should, however, be mentioned here that in regarding tht‘ 
E.M.F. of the Daniell cell, 

Zn I ZnSO^ | CUSO 4 | Cu 
as made up of the P.D.s at the interfaces 

Zn I ZnS 04 
I solution 

and CUSO 4 1 Cu' 

solution I ^ 

we are neglecting the possibility of a P.D. at the interface 
ZnS 04 CUSO 4 

f * solution solution * 

existing where the two solutions meet in the pores of the porous pot. 
This matter has been studied in some detail and it is found that in 
many cases the P.D. at the liquid interface is small enough to be 
neglected, especially where the mobility of the various ions present 
in the two^ liquids is nearly the same, and the concentrations are 

1 N. T. M. Wilsmiro, Zeitach. Phys. Chem. 35 (1900), 291. 

* t € 
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also similar on botli sides of the boundary. •• Under certain cili 

ditions, however, the P.D. at th« liquid jMnction^becomes quite high, 
and a serious ‘error will be caused if it is not allowed for.^ 

Standard Electrodes. “ Normal Calomel ” aiKi^‘ Hydro- 
gen V Scales of Potential. Hav^ig considered tivesc possible 
objections, we (rin go (ui to express the potentials f)f the various 
lialf-cells of the ty])e 

i\fetal j Metallic salt 
I solution 

on some definite scale. But first it is necessary to adopt some 
definite ‘‘half-cell” as a “standard (‘lectrode,” which can pro- 
visionally be regarded as providing zero P.l). ; for the measurement 
of the E.M.F. of a Daniell-ty])e cell does not tell us the absolute 
potential of cither electrode (or h^lf-cell), but only tin* difference 
between the two single potentials. 

It would of course be })ossible to take the half-c(‘ll 

Zn I Zn“ 

as a standard electrode ; if this is called zero, Cu | Cu“ must be ’ 
called l'()9b volts and Ag | Ag’ will be 1-547 volts. Alternatively, 
we could call Cu | Cu" zero, and in that case Zn | Zn" would 
become — 1-096 volts, and Ag | Ag* would be -|- 0-436 volts. . Bui 
in practice neitlier of these half-cells are sufficiently constant for 
general employment as “ standard electrod(‘s.” 

A very convenient “ standard electroch-,” which is commonly 
employed in practice, is known as the “ normal calomel elec- 
trode.” It consists of the combination 

I Normal KCl solution 
^ I vsaturated with Hg(4 

A useful form is shown in Fig, 77, Mercury is contained in the 
bottom of the vessel A, and is covered with a paste of calomel, or 
me];uurous chloride, a some\i4iat insoluble salt, in a normal solution 
of potassium chloride ; the uoper portion of t he vessel, as well as 
the limb B, is* filled wdth normal potassium chloride solution 
saturated with calomel. The limb D is filled with a suitable 
“ connecting solution ” which serves to connect the potassium 
chloride solution to the other half-cell with which tlie calomel 
electrode is to be combined, and the funnel E and three-way tap C 
allows the comiecting solution to be renewed each tiqie the electrode 
is used. The connecting fluid is chosen so as to make the P.D. at 
the interface between the different solutions as small as possible. 

^ See W. C. McC. Lewis, “ System of Physical Chemistry,” V51. IP {Long- 
mans, Green), 1920 edition, pp. 168-173. ♦ 
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Th|j nonnal pot^-ssiuja Jhloride ?ind the connjcting solution meet 
in the annulus o^ tj;ie gfas^ tap C, .wlifch must 6e kept free from 
grease. The resistance imposed by the tap is very hi^h, but this is 
actually,aA adva*i!tage since it prevents any danger of a high current 
passing through the ekctrodc, which might be prejudicial to the 
constancy of the potential. * * 

, K, for infstance, the connecting solution used is potassium chloride, 
ayd the end oi the tube D is placed in a vessel containing zinc 
chloride, in which a zinc electrode is imma-sed, the combination 
forms the complete cell 


Zn 1 ZnClo 1 KCl 


KCl saturated „ 
with HgCl 


The K.M.F. of the combination ca 



1 be measured on the potentio- 
meter. Suppose the value 
found is 1-084 volts, the zinc 
functioning as the negative 
})ole. Then, if we agree to 
treat the normal calomel elec- 
trode as a standti/rd electrode 
of zero potential, and neglect 
the P.D.s at the boundaries 
where the different solutions 
meet, the value of the single 
electrode (or half -cell) 

Zn I ZnCl 2 
I solution 


is — 1-084 volts on the “nor- 

Fia. 77.-Calomel Electrode. “al calomel scale.” 

Another standard electrode 
is the hydrogen electrode. This consists of platinum foil, the 
surface of which is coated with platinum black, immersed in 
acid of normal hydrion concentration ; during use hydrogen gfts is 
bubbled over the metallic surface so ^^s to keep the platinum black 
fully saturated with hydrogen. 

When the normal calomel electrode and hydrogen electrode are 
combined togetl¥?r to form a complete cell,^ « 





N 


HCl 

N 

KCl 

KCl 


(Normal 

sat. with 


Hydrion) i 

HgCl 


1 N. ,T. M. Wilsmore, Zeitsch. Phya, Chem, 35 (1900), 291. See also G. N. 
Lewis, B.'Brighton and R. L. Sebastian, J. Amer. Chem. Soc. 39 (1917), 
2246. 
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^ ; / 

the E.M.F. of the ccftnbination mify be foiAid,o^\he poteAJiome|)er 
to be 0*283 volts f the hydrbfop elcctroj^e func^oifs as the negative 
pole. Therefore, the potential of the hydrogen electrode, on the 
“ normal calomel scale,” is — 0*283 volts. If, however, th|^ hydro- 
gen electrode is regarded as the stainjard cleykodc of :^erd potential, 
the dklomel electrode must be assigned a potential of + 0*283 volts 
on the “ hydrogen scale.” * 

Any P.D. expressed on the “ normal calomel ticalc ” can be 
converted to the “ liydrogen scale ” by adding + 0*283* volts. 
Thus the (‘lectrode 

Zii I ZnCU 

was stated above to Ik*, - - 1*084 volts (‘xpresse{l oji the calomel 
scale ; to express it on the hydrogen scale wc add -f 0*283 volts, 
and the result is 

--1-084 0*283 volts -- - 0*801 volts. 


The calomel electrode is rather more easy to use than ,tJie 
hydrogen electrode, but the hydrogen scale is preferable for the 
expression or electro-chemical ideas. It is often convenient to 
measure the potential of any half-cell under investigation by 
coupling it with a calomel electrode, and then to convert the result 
obtained to the hydrogen scale by adding -f 0*283 volts. Alhthe 
values for single electrode potentials used in this book refer 
to the hydrogen scale unless otherwise stated. 

KSomc experimenters prefer to work with the “ dccinomal calomel 
electrode,” which consists of the combination. 




^ KCl 
10 

saturated with 

HgCl. 


This has a slightly dilferext potential from tiie normal calomel 
eleclTrode, namely -f 0*338 volts on the Jiydrogen scale ^ ; values 
obtained against tliis electrode can be converted to the hydrogen 
scale b^ bidding -f 0*338 vohs. For special experimental purposes 
the fbllo^wing three electrodes are also used ; the potential of each 
electrode is shown, expressed on the hydrogen scale. *» The first 
two 2 are useful for work with acids, the last ^ for work with 
alkaline solutions. 


' F. Auerbach, Zeitsch. Elektrochem. 18 (1912), 13 ; N. E. Loomis and 8. F. 
Acreo, Ainer. Chem. J. 46 (1911),’ 585. 

- L. Sauer, Zdtsch. Fhys. Ghem. 47 (1904), 146. . * 

® F. G. Donnan and A. J. Allmaiid, Trans. Che^m. Soc. 99 (1911), 845. 
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It iNHOI 

Hg I sa^ifrated twitli O.D. = 4- 6-283 volts 

I H'gCl • 

, ' .NHjSOi 

* Hg*! * saturated with . P.D. ^ + 0-685 volts 

Hg,S04 

‘ N NaOH ; 

,Hg i .saturated with P.D. = -f 0-114 volts 

HgO 

The relationship between the values of the “ normal calomel ” 
and hydrogen ” scales are shown at a glance in Fig. 78, in which 
the scales are printed side by side, in tlie same wjiy as Fahrenheit 
and Centigrade scales are often shown side by side on a thermometer. 
The figure also shows the potentials of some other electrodes, many 
of which will be referred to lat* i*. 

“ Absolute Potential Difference.” A third .scab- of Potential 
will* be noticed in Fig. 78 .side by .side with the ‘'hydrogen” and 
“ normal calomel ” .scales. This is the so-called “ absolute 
scale,” which is believed by many clcctrochemists to^'epresent the 
true P.D. existing between the metal and solution.^ The reliability 
of the numbers as an absolute measure of ])otential is, however, 
oper. "^0 criticism, and the scale is not largely used. The principles 
upon which the so-called ‘‘ absolute values ” for the potential have 
been obtained can only l)e suggested very briefly. 

The determination of the absolute potential depends on the 
variation of the int('rfacial tension of mercury with the electrifica- 
tion of the surface. 4'he reluctance of mercury to cuter a capillary 
tube is well known : it is seen when a U-tube having the one limb 
of narrower bore than the other is partly filled with mercury ; the 
mercury always stands at a lower level in the narrow lirnl) than in 
the broad limb. This is attributed to the surface tension of the 
mercury, a contractile force acting along the surface of the metal 
and tending to reduce the surface area to a minimum. iF* the 
surface of the mercury is electrified, ?ui electrostatk^ repulsive force 
exists between the dilferent portions of the charge on the surface 
and tends to make the surfaces expand, thus decreasing the effecd- 
of the suK^ace tension. We may expect the apparent interfacial 
tension between mercury and any solution- as measured by any 
ordinary method — to b(‘ a maximum when there is no electrical 
P.D. at the interface. 


1 W. Ostwald, Zf’il.fc/t. Phys. Ckc,m. 35 (1900), 33^1 ; E. Nowbory, Trans. 
(Jhan. ISpe. y)7 (1915), 852. Soo also H. G. MOlIor, Zeitsch. Phys. Chem. 65 
(1909), 250. 
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Fiif. 78. — HeladoiiHlii]) boUveen Scales of Siiij^le Electrode Potentials. 

The application of the principle to the determination of absolute 
)otential is carried out by means of the apparatus shown in Fig. 79.^ 

j 

^ See V. llothinund, Zcitsch. Phi/s. Chem. 15 (18941. *1. 
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T^e veicfcl a' contsliiw itiercury *.t the bottonrf above which comes 
normal i\ydrocliior^c acid saturated ^ith calomOl ; into the acid 
dips the tube'B, the lower end of which has been drawn out to a 
fine capillary ; 'this tube also contains mercury. The mercury in 
the vessel^ afid in th^ /iibe are respectively connected to a source 
of variable P.D. (e.g. a petentiometer). The manometer DE 
cojitains paraflSin oil, and the reservoir C contains mercury. By 
* raising or lowering the reservoir C, it is possible to increase or 
decrease the pressure of the air above thp mercury in B ; the 
pressure may be measured accurately by noting the levels of the oil 
in the two limbs D and E of the manometer. Before the experi- 
ment commences, the meremy in the tube B does not quite reach 

the point of the capillary, 
owing to intcrfacial ten- 
sion ; its exact position 
can be adjusted by raising 
or lowering the mercury 
reservoir C. Any altera- 
tion in the intcrfacial ten- 
sion will cahse a move- 
ment of the mercury in 
the capillary, which can be 
observed by means of 
a microscope ; the mer- 
cury can, however, be re- 
stored to the original 
position by raising or 
lowering C ; the increase 
or decrease in the pres- 
sure {as measured by the 
movement of the oil in the 
manometer tubes D and E) needed to produce this restoration is a 
convenient measure of the alteration of the intcrfacial tension. 

Now when a small P.D. is applied to the apparatus, the mter- 
facial tension is found to increase ^or decrease, according to the 
direction of the applied P.D. If the mercury in the tube is joined 
to the negative side of the source of P.D., the interfacial tension is 
increased f as fhe applied P.D. is increased in magnitude, the 
interfacial tension continues to increase slowly, until when the 
applied P.D. becomes 0-56 volts, a maximum value for the inter- 
facial tension is obtained, and any further increase causes the 
interfacial tension to diminish once more. 

If \^e arc right in thinking that the P.D. at the position of maxi- 
mum ffiterfacial tension is zero, it is clear that the local P.D. at the 

i 



Fig. 79.— The Determination of the 
Absolute Value of the Potential. 
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surface of the meij^ui^ in. the ^ ubeli is z(^ro, u4i|^ the tota\ appli 4 'xl 

P.D. is 0-5() volts. In that Vas^^ the tiaie or “tibsolute value of 

the P.D. at thb surface of the nicrcury in t he vcss,:-] A is evidently 

0-56 volts. In other words, the potential of the 9 

N HCI • •* 

i 11 rn + ^h5G volts, on tlu“ ''aljsolnhe scale.” 

sat. with IkrCl 

. - • • 

Having obtained the potential of this otu* staiKhwd (‘lect rodo on 
the absolute scale, it ^is easy to convert the ])ol(‘ntinls of* other 

half -cells ” to tlie absolute scale ; for we know that the P.D. at 
the electrode 

Hg ,r .,1 is d- 0-283 volts, on the ‘‘hydrogen scale.” 

sat. with HgCl 

Evidently, therefore, to convert a potential exprcsssed on the 
hydrogen scal(> to the absolute sc<^le, we hav(^ to add 
O-dG - 0-283 volts r-- 0-277 volts. 

'the “ absolide jioti'ntial ’ of the hydrr)gen electrode is, accor^iifg 
to this argiinu'iit, + 0-277 volts ; that of th(' normal calomel 
elect rod(' is -r 0-5G volts. 

The fact that the interval between the zc'ro points on the 
“ absolute ” and hydrogen ” scale (0-277 volts) is so nearly equal^ 
to the interval betwemi the zero points of the “ hydrogen ---and 
‘'calomd" scales (0-283 volts) is worthy of notice, although it is 
purely 1 (‘oincidence. 

There are, however, cetlain dilticulties in accepting the view that 
the absolute potential of a mercury eh'ctrode is necessarily zero 
under conditions of maximum interfaeial tension. For instance, 
the interfaeial tension of mercury appears to n-acli a maximum 
value at a slightly ditferent jiotential m-cording as it is immersed 
in potassium chloride' or potassium iodkh'.^ Since both these 
jiotentials cannot represent absolute /(‘lo, it liecomes doubtful 
whether in either case the zey) ])ot('nlial li('s exactly at the point of 
maximum interfaeial tension. In otln-r instances, the discrepancy 
may be far morc'serious. Cer/ iin dye-stulTs, if added to the licpiid 
towards which tlu' interfaeial tension of nu'rcuiy is being examined, 
cause* a mariied change in tlie potential at which the interfaeial 
tension reaches a maximum value, although these dyes do^iot affect 
the E.M.F. of a cell containing a mercury eh'ctrode. 

One plausible ('xplanation is that although the superficial electric 
charge at the mercury surface itself may be zero under conditions 
of maximum interfaeial tension, there', will, nevertheless, be a small 

potential difference existing over the liquid layer next t(j the 

• ^ 

1 S. W. J. Smith, PhiL Trans. 193 [AJ (1900), 47. 

M.O.— VOL. I. P • y 
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nY^rcury^ surface, td' preferential adsorpticl^ of either anions or 
cations.*^ The discrepancy become^ Very serious' in the presence of 
such substances as dye-stuffs which are strongly adsorbed. In the 
case of^soln^iorts of ordinary salts such as potassium chloride the 
discr^aitSy may nob he large, and the position of maximum inter- 
facial tension probably represents approximately the conditiuns of 
zero potential. However, until the matter is finally settled, it is 
preferable to itse the “ hydrogen scale ” of potential, and not the 
so-called “ absolute scale,’’ for all practical . purposes. 

Before leaving the subject of the varying interfacial tension of 
mercury, it is well to refer to the practical employment of th(^ 
principle in the “ capillary electrometer.” The apparatus just 
described (Fig. 79) can, of course, be used to detect a small B.D., 

the direction of movement 
of the mercury in the capil- 
lary indicating the sign of 
the P.D. in question ; 
clearly, however, the form 
of apparatus is not a con- 
venient one. Various more 
portable forms have been 
devised, and that illus- 
trated in Fig. 80 has 'Cer- 
tain advantages. 2 The 
mercury in the left limb 
A of the H-tiibe is covered 
with dilute sulphuric acid, 
which meets the mercury 
from the right-hand limb 
B in the horizontal capil- 
lary tube C. By means of 
the platinum contacts K and F and the key K the electrometer is 
joined to the points between which it is desired to detect a P.D. 

If a small P.D. exists between these points, a movement of mercury 
takes place in the capillary when thv'. key is depressed ; this move- 
ment can be observed in a microscope, or even an ordinary j^ens, the 
direction indicating the direction of the P.D. When thc^ mercury 
has comefto rest, practically no current flows through the apparatus, 
so long as the P.D. applied is small — well below the decomposition 
voltage of w'ater. , Thus the apparatus becomes equivalent to a 

^ H. Freundlich and P. Rona, Silzungsber. Preuss. AJead. (1920), 397 ; 
H. Freundlich and M. Wreschner, Roll. Zcitsch. 28 (1921), 250; G. Gouy, 
Annahs Physique, 1 (1917), 129 ; A. Frumkin, Phil. Mag. 40 (1920), 363, 376. 

® S#«4V. *1. Smith, Phil. Mag. 5 (1903), 398. Smith also recommends a 
special “mercury key “ which is not shown in Fig. 80. 
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Fig. 80. — Portable Capillary Flectro- 
niotcr. 
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sensitive rnilli-voltmcjber of extreniely higlf r^sitanci! 'Pfl'e high 
apparent resistancf; is a greats advantage ,^aifci — 'stated iuthe last 
ehaptcr many electrochemists prefer to use a capillary electro- 
meter instead of a galvanometer as a detector or “ lyril instrument ” 
in potentiometer work. ^ ^ • 

Tn .^hte of the fact that the current flowing through the (electro- 
meter is very small, a certain accumulation of deco«ipositi(in 
products at the two* mercury surfaces would occur in»time and this 
might cause a back E.II.F. which would vitiate the results given 
by the instrument. To avoid this, the spc^cial form of spring- 
key, K, is employed, which “ short-circuits ” the electrometer as 
soon as the pressure of the fingers is released ; thus any minute 
accumulation of decomposition products is at once used up, 
and the electrometer will “ start fresh next time the key is 
depressed. 

'Fable of Normal Electrode P<ftentials. The table given on 
page 325 sliows, upon the hydrogen,” ‘‘ calomel ” and “ absolute ” 
scales, the normal (‘k'ctrodi^ potentials ” of each of the commotut 
metals, that is the P.I). existing — in a state .of equilibrium — 
Ixitween the metal electrode and a solution containing normal 
concentration of metallic i(jns. Th(^ values are also shown, more 
roughly, in Fig. 78. Tn the ease of many of the metals, the “ normal^ 
electrode potential ” has been determined by direct measure-WIc^nt 
against a calomel el(‘ctrode or against a hydrogen electrode ; in 
the case of a few nK'tals, notably those like potassium wEich deconi- 
])Ose water, less direct methods have been employed. 

It will be noticed that all the highly “ reactive ” metals which 
are readily attaeked by water and by acids stand at the bottom of 
the table, having negative values ; on tln^ other hand, “ noble ’’ 
metals, which are only with dilliculty dissolved l)y acids, and 
which are readily reduced to the metallic condition, stand at 
the head of the table witli high positive values. In subsequent 
chapters it will b(‘ show n tluU the value of the normal electrode 
potential is in many ways an epitome, of the chemical behaviour of 
the metal. 

The Convention regarding the employment of negative and 
positive s^gns should be carefully noted. The reactive metals, 
such as zinc or cadmium, which usually form the ifegative 
pole of an electric battery, are assigned a negative potential ; 
the noble metals, such as silver or platipum, which are 
suitable for forming the positive pole of a cell, are assigned 
a positive potential. This rule is now very generally adopted in 
all countries, but it is worth while to warn the reader that, in many 
of the older papers, the opposite rule is adopted — zinc is given a 
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positivV^* pot6ntia^Und jJatimiitta negative pijrtential. This lack of 
uniformity h-^is 4nithe past given ri^e* to much ^confusion. ^ 

It is also hecessary to point out that the reactive metals, with 
negative <vp;lueS'for the normal electrode potentials, are often referred 
to as e4ecVopositiv|^ substances ” ; the term implies that they 
readily enter the condition (vf a positive ion. The word “ electro- 
positive ’i is, pcrhai>s, unfortunate, but tliere- is no other which 
exactly cxpra-sscs the same idea, and it is impossible altogether to 
avoid the use of it. » 

It should be pointed out that the normal electrode potential of a 
metal varies somewhat according to the surface of the metal^ — 
whether rough or polished — and that the potential of a cold-worked 
sample differs appreciably from that of the same sample after 
annealing. 

Effect of Concentration .2 ^ The value of the equilibrium IM). 
at the interface 


Metal electrode | Solution containing metallic ions 


will necessarily depend u])on the concentration of the ions. For 
equilibrium implies that the two opposed reactions of the type 
M - M" -f 2e 

and M" + 2e = M 

•• 

are occurring with equal velocity. Now the second of these 
reactions will depend on the concentration of the ions in the solution. 
If the ionic concentration is reduced— that is, if the solution is 
diluted with water- the tendency of metallic ions to pass into the 
metallic condition is reduced. In other words, the potential 
becomes lower (or, if it is already a negative value, more negative 
still), when the solution is diluted. All the values for the potentials 
quoted in the table opposite refer to “ normal concentration ” of 
ions ; if the concentration of the solution is other than normal, the 
potential is altered by an amount equal to 


Rl^ 




which at room temperature (18'^C.) is e(pn valent to 
(b05H 

logj„C volts, 


where 7 i is thQ valency of the metal, and C the concentration of the 


1 For the history of the rules oKservod regardiiif^ 1 lie sign, see W. D. Bancroft, 
Tranff. Amer. Klectrochem. Soc. 33 (1918), 79. 

2 C. D. Whetham, “ Theory of Solution " (Cambridge University 


Presst 
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llydrogen* ! Normal 

Scall. Calomel 

1 Scale.* 


Gold' 

Platiuion' 

Palladium' 

•Silver'^ • • . i . . . 

Mercury'^ (iu jnercurous .sails). 
Antimony' . ,4 

Pismuth' .... 

Amonio' 

Cojjpor'^ (in ouju-ir .suits) 
Hydrogan(atm(»s))herjf ju-assuro) 

Ltnid “ 

Tiii^ (in staJinoiis .salts) 

.Niakol (atdiva)^ . 

Cobalt (activo)' . 

Tliallium'2 (in tliallous salts) 
Cadmium' .... 

Iron® (aativo in ferrous salts 
(Jhrornium® (active) . 

Zinc’ . . • . 

Manganese' .... 
Aluminium** .... 
Magnesium'" (ajjftrox.) . 
Calcium" (approx.) . 

Sodium'" 

Potassium'' .... 


' N. T. M. Wilsmore. Zed, 
" W. K. Jlondersou and 11 


> 1 1*08 
> 4 0-8?' 

> 4 0 -79 

4 0-7987 
4 0-7928 

> 4 0 47 

> 1 0-:i9 

> 4 ()-l'9 

4 o-:i4(;9 

I tt-ooo 
01:12 

0140 

0-20 

<i»2:{ 

0- :i4 
4) -4 20 
(i-i:! 

0 47 

- 0-770 

1 1)8 

1- ;i;i7 

1-8 

1- 9 

-2-715 

2- 925 


iO-80 

> +0-58 

> 4 0 51 

4 0-5157 
4 0-5098* 

> 4 0-19 

> 4 0-1 I 

> 4 0-01 

4 o-oo:i9 
-0-28:} 

0 415 
-()-429 
O 48 
0 51 
O ()2 
()-7o:i 
0 71 
- 0-75 
105:1 

1:10 
J -020 

2-1 
2-2 
2-998 
--:i-208 


8b-called 
“ Absolute ” 
Scali. 

>Vi-:fo 

>4-1-14 
>4 1-07 
+ 1 -0757 
4 1 1)098 

> 4 0-76 

> I 0-07 

> f 0-57 

4-0-02:19 

-fO-277 
4 0-145 
i 0.1:11 
4-0-08 
4 0-05 
- 0-00 
-0-14:1 
-0-15 • * 
-0-19 
-0-49.3 
0-80 
- 1 -000 

- 1 -5 

- l .u-i 

- 2-438 
2-048 


itsc/i. r/iys, C/trm. 35 (1900), 318. 

* , ,1 ..;.r ; , •. Hl'^gomun, J. Amcr. (Mum. ,8uc. 40 (1918), 84. 

(lllist Oil 40 

I Noyes and K. Toabe, Aincr. (J/utn. ,Sor. 39 (1917), 1537. 

•UM 'It' Bruyn, Pror. Amst. Arad. 2o’ (1917-18) 

; iciio; " r ‘*.V K. P. ,S<-hoe},, Amcr. C/a m. J. 41 

( .03), J)8, wlio gives a satistaetory explanation of the divaugent values 
obtained by earlier worktTs. ^ 

0 r ^r’ ('lu'm. 58 (1907), 301. 

A. H. W. Aten, Pror. Amst. Acad. 20 (1917-18), 812 

y > ■/ 35 (1900), :118 ; W. Kistiakousky, 

*Voc!''^43^(199r)^^'8V^^ (1908), 113. Compare VV. C. Moore, J. Amrr. (Vim. 

® J. Ktyrovsky, Trans. C/icm. Sor. 117 (1920), 27. 

L. Caii^)i, Atti. It Acrad. lAiicri, 23 (1914), ii. 000 ; 24 (1915) i 817 93‘> 
(mmpare H. P. Beck, Rec. Trav. Chim. 41 (1922), 353; W Kis^nkowskv 
y^citsc/i. Ekktrochrm. ’ 

II /m' 2’ Nraus, J. Amcr. C/iem. /Sue. 32 (1910), 1459 

12 T -4mer. C/iein. /Soc.^S4 (1912), 119. 

V xxr Pnde, J. Amer. Chem. Soc.*32 (1910), 732. 

3 • ^^®oards and C. P. Smyth, J. Amer. Chem. iSoc. 44 (1922), 524. 
a. J\. Lewis and W. N. Lacey, ,/. A7ner. Chem. Soc. 36 (1914) 804 
A- Pmhart, J. Amcr. Chian. kSoc. 38 (1910), 2350. 

^ A 4 (1908), 159. C/ompare I. Ml HfJHlioff, 

Zeitsdi. Anorg. Chem. 119 (1921), 202, who finds values 0*01 volts lower. 



32a Mii[ULS AND METALLIC COMPOUNDS 

scjlution’ expj'e88e,(| dn 'gram-mfelecules per fttrp ; for a normal 
solution C —Jl/aiti the Wtal alteration becomes zero. 

The meaning. of the logarithmic expression just given can be 
expres^v'ct in, a Very simple way. Whenever we dilute the solution 
surrounding » an electrode so as to reduce the ion concentration to 
* 0'058* 

oije tenth of its former value, we shift the potential by - — - volts. 

7.'hus ,if wo start with a half-cell consisting of a silver electrode in 
normal silver nitrate ' 

Ag I N AgNOa with a P.l). about -f 0-799 volts 

and dilute the silver nitrate solution to one-tenth of tlie former 
(‘oncentration, so that we obtain the half-cell 

Ag I AgNO, 

we ought to reduce the P.D. by about 0*058 volts (since for silver, 
n 1). Actually it falls by a slightly smaller amount, since the 

N 

ionization of N AgNOa is rather less complete tlian thau of -- AgNOa. 
If we again dilute the solution tenfold, obtaining the cell 

Ag ! AgNO. 

we ought again to reduce the potential by about 0*058 volts. If 
w'e combine the last two half-cells, so as to obtain the complete cell 

Agj JJ^AgNO^I j^AgNO.jAg, 

the combination ought to produce an E.M.F. of 0*058 volts, assum- 
ing that the P.l). between the two solutions can be neglected. 
Nernst found by experiment that the combination balances a P.D. 
of 0*055 volts— a sutliciently good agreement.'^ 

A cell of this kind is known as fuconcentration cell ; it will be 
obvious that the E.M.F. provided by a concentiation cell will 
always be a low one unless the difference between the concentrations 
in the two halVes is very great. The provision of a very low but 
constant concentration of silver ions in the “ low concentration ” 
half of the cell is conveniently obtained by keeping a sparingly 
soluble salt iff suspension. For instance, a solution of potassium 
chloride containing silver chloride in suspension has a concentration 

N«m«t, “Theoretical Chemistry*'; translation by H. J. Tizard 
(Macmillan), 1916 edition, p. 800. 
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. i • . 

of silver ions consi|]lerably less ^lan -OOOOir! normal,# and the 
potential of the naif -cell • • * •’ • ^ 

a A ' . • 


. j KCl saturated 

^^IwithAgOl •• 

therefore differs vciy much from tlfrit of tRe* half-ceiT 



or the half-cell 


Ag I N AgNO;, solution 
N 


Ag 


10 


AgNO,. 


Tn fact, by combining it with one of these half-cells, we obtain a cell 


KCl saturated 
with AgCl 


[J, AgN03 I Ag 


which, althougli both electrodes are composed of the same metal, 
balances a P.l). as high as 0*52 volts. 

It is the concentration of metallic mm which is of importance in 
determining the potential, not the total concentration of metnl In 
solution. T^jis is shown by the liehaviour of a metallic electrode 
immersed in a solution of a complex salt. Contrast the potentials 
of the following half-cells ^ 

I N 

Ag j ^ AgNO, 4 - 0*7(> volts 

' N 

Ag I ^ AgCN.KCN -f 0*15 volts 

IN N 1 

Ag ^AgCN.KCN -b ^ KCN - 0*87 volts j 

In all three cases there is the same amount t)f silver in solution, but 
in the lirst case it exists as ordinary metal cations, whilst in the 
complex cyanide solution it exists, for tin; most part, as the com- 
plex anion [Ag(CN ) 2 J'. The concentration of Ag' ions is very small, 
especially in the last ease, where potassium cyanide is present in 
excess ; hence the P.D. is shif fed to a marked extent in the negative 
direction. , 

The ijteration in the potential of copper caused by the presence 
of cyanide in solutions is shown by the following striking experi- 
ment. When the ordinary Daniell cell 

Zn I ZnS 04 | CUSO 4 | Cu# 

yields a current, the zinc acts as the attackable (negative) electrode. 


(approximate 
values only) 


^ Founded on data given by F. C. Frary and R. E. Porter, Trans* Amer, 
Eketrochem. Soc. 28 (1916), 307. • 
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But if th^ \)lacl) of, copper ^sulphate a sc^utioii of potassium 
cyMiide is usa l/.sel^aJ} t(^ produce thgi pell 

'■ Zn I J;nS 04 I 'KCN I Cu 

the coppet Ix^'colues the attackable (negative) electrode, and zinc is 
forced’ out^ of^ solution. (r The (;urrent produced therefore passes in 
the opposite direction.^ 

This is an explanatioii of the fact that, towards' cyanide solutions, 
‘^^noble ” metals like gold, silver and copper whicli withstand the 
action of ordijiary reagents so w ell Ix'have afs quite easily attacked 
substances. In the eyanidt^ solutions tfiese metals exist, not as 
cations, but as complex anions. 

Electrode Potential of Hydrogen. Of all the elements men- 
tioned iiL the table of normal eleetrode potentials, hydrogc'U alone 
is not a jnetal. The so-called hydrogen electrode, tin; ])otential of 
which is taken as zero on the ‘‘ hydrogen scale,” consists of 
blackened plat inum saturated with hydrogen under one atmospheres 
pressure and immersed in a solution containing normal concentra- 
tion *of hydrogen ions (e.g. 1*3 N hydrochloric acid, or 2T N sul- 
phuric acid). « 

The case is of especial interest because not only can we vary the 
concentration of hydrogen in the electrode, by saturating the 
2 ?latinum under a pressirre of hydrogen greater or less than one 
atmospnere, but we can also- alternatively-— vary the concentra- 
tion of hydrogen ions in the solution, by altering the acidity of the 
liquid employed. Either of these variations will cause the equili- 
brium P.D. to depart from zero. 

For the (‘xistence of ecjuilibrium demands that th(‘ two opposite 
reactions 

(1) H, r 2H; -h 2e. 
and (2) 2H- + 2r H, 

should occur with ecjual velocity. Now' if tlu^ conci'iitration of 
hydrogen in the electrode is increased, ohangt^ (I ) is favoured. Jlie 
equilibrium jjotcritial is therefore made negative by any excess of 
pressure of the hydrogen gas used tf/^saturate th(> (Mectrode, but is 
made positive if a pressure b(‘low one atmosi)here is, emj))oycd ; 
this has been ex^xaimen tally verified by different observer's. 2 

The alte#ati()n caused by varying the hydrion concentration of 

^ See W. Hittorf, Zeitsch. Fftyn. Chnn.. 10 (1802), r)02. For further details 
of the effect of cyanide on the potential of copj)er, see F. Spitzor, Zeitsch. 
Elektrochtm. 11 Cl^OS), 345, 391. 

G. N. Lewis and M. Randall, J. Amer. Chem. Soc. 36 (1014), 1969 ; J. H. 
Ellis, J. Amer. Chetn. Soc. 38 (1916), 737 ; N. E. Loomis and S. F. Acree, 
J. Amt\ Chem. Soc. 38 (1916), 2391 ; W. R. Ifainsworth and 1). A. Macimies, 
J. Amei^hAn. Soc. 44 (1922), 1021. 
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the solution is far n|ore striking, because fa, grcjater jf^ari^it-ion can 
conveniently be * b.'bright .ilbout. For high ^ti»hc;!uitnitions y 
hydrion, solutions containing adid are used. But oven pure? water 
— quite free from acid — is to a very small extent iy>iized,iJiccording 
to the equation ^ ^ S • 

• HoO +*OH' 

and therci’ore contiiins hydrion. The concentration of fiych'ion*in 
pure water is about but it is still further ditninish(‘d by tlid 

addition of alkaline sufistances (ujiitaining free hydroxyl ions to ihe 
water as would b(^ (^xpcided from ihe I.aw of Mass Action ; a 
normal solution of alkali has a liydrion concentration of about 

Ilie variation in th(‘ potential of the ])latinuni saturated with 
liydrogen at atmosjiluaic pressure and immersed in licpiids of 
varying hydrion concentration at ( •. can be calculated from 
the equation 


Since for hydrogen v -- 1, this becomes 
K r 0-()58 log C. 

For 1-8 N hydrochloric acid, the liydrion coiicentrat*<i^ is 
normal, and C - - 1, log C - ~ 0 
Fo ' neutral water, C — , log C “ - 7 

For normal alkali, C ^ 10"^“^, log C 14 


Hence we have for th(‘ electrodes : - 


Ft, Ho 


(Ancentrated acid (above normal 
hydrion concent F’ation). 


F.l). is ])osiliv(‘. 


Ft , Ho 


IM). - OOOO volt. 


1-8 N. Hydrochloric acid 
(normal hydrion concent rat ion). 

I t, Ho I Neutral watm*. B 1). - - 7 x0-05S ^ ^0406 volt. 

?t, Ho I Nofmal alkali. PoD = 14 x 0-058-^- 0 812 volt. 

4'hc fallowing cell, which can be regarded as a hydrion concen- 
tration aell, furnishes a P.D. of 0-83 volt • 


Pt saturated 

Acid of 

Alkali of 

with hydrogen 

normal 

normal 

• 


hydrion 

hydroxyl 


concentration 

concentration 


Pt saturated 
with hydrogen 


The Effect of Oxidizing Agents upon the Potential .'^'Many 
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writers *^ive \ aMfiJ (jf liormal electrode potcjitials which include 
values reVitinl t6 ^cygeA, chlorine, bi<jmiiie and similar non-metals. 
It is, of course, impossible to prepare electroder. from these 
material,* f)ut *tiiey can exist adsorbed upon the surface of an 
unattackafble^ electrod^^ — such as platinum — or dissolved in the 
solution in which the electrode is immersed. 

^The presence of oxygen in an electrode always renders the 
potential moro positive--that is, it renders the 'metal more noble, 
dertaih metals, such as iron and nickel, 4.vhich are moderately 
reactive under ordinary circumstances, acquire comparatively 
noble ” properties when they contain oxygon. 

The presence of bromine or iodine in the liquid surrounding a 
platinum electrode also renders the potential somewhat more 
positive, '^riie same is true of the various soluble oxidizing agents, 
such as potassium permanganate, which can be regarded as 
equivalent to oxygen acting uifder high pressure. The potential 
of a platinum electrode immersed in a solution of an oxidizing agent 
eSn^e regarded as an indication of the vigour of the oxidizing agent, 
as is shown in the table below. ^ 

Various reducing agents— substances which can be regarded as 
equivalent to hydrogen under pressure — are included in the table 
(or the sake of completeness ; reducing agents naturally tend to 
ma^«r**'.he potential of platinum less positive. 


Name of Oxidizing Agent or^Reduclng 
Agent in Solution. 

Oxidizing agents : — 

Potassium pennanganate . 
Chlorine in acid solution . 
Potassium iodate . 

Bromine in potassium bromide 
Chromic acid 

Nitric acid .... 
Ferric chloride 
Chlorine in alkaline solution. 
Potassimn dichromate . 

Iodine in ix)tassium iodide . 
Reducing agents : — 

Ferrous sulphate in acid 
Sulphurous acid . 

Ferrous sulphatj*, neutral 
Potassiuift arsenite 
Stannous chloride in acid 
Hydrogen in acid 
Chrornous acetate ih alkali . 
Stannous cliloride in alkali . 


P.D. at Platinum Elec- 
trode (Hydrogen Scale). 

. -fl-48 

. -fl-39 

. -fl-21 

. + M5 

. + 112 
. H- 0-98 
. + o-9r» 

. -j- 0-86 

-f- 0-78 
. +0-61 

. +0-6U 

. •'-f-0-44. 

. + 0t35 

. + 0-23 

. + 0-22 
. +0-00 
. -0-31 

. - 0-68 


1 Fit^’er* examples are given by W. Ostwald, “ Outlines of General 
Chemistry " ; translation by W. W. Taylor (Macmillan). 
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Electrode Potentials of Reacfive Mefal^. ‘ of ilic metals ^ 
belonging to the “A groifj^ ” of th§ jferiodfc’c •ta >le higlily 
reactive substances which cannot be deposited elc,ctr 61 yticfflly from 
an aqueous solution of the salts. In such cases the d<^^tP;i|uination 
of the norniiil (electrode potential presents (^Jfficulty. ^Tlfc el(?ctrode 
potential should represent the equilibrium between a metal and its 
ions, according to a balanced equation of the typt^ • • 

M ^ M • + * 


In order to ensure that the potential measured really represents 
this equilibrium, it is desirable to ascertain the fact that when the 
])otential is depressed below the supposed equilihriuiTi value, metal 
is aetually deposited according to the equation, 


m; + e M, 

and that, when the potential is Mevated somewhat, metal passes 
into solution, according to the reverse change, 

M -- M* -f e. 


If a metal cifnnot be deposited from aqueous solution^ — as is the case • 
with such metals as vanadium and tungsten the significance of 
the equilibrium potential measured on the ])otentiometer becomes 
doubtful. Certain experimenters claim to have measiip-^d.- tlio 
norn:al electrode potential of metals of this character ; but, although 
the accuracy of the measurements is not questioned, it is doubtful 
whether it represents the equilibrium 

M M' + e. 


It may for instance represent the equilibrium 

H H* + e, 


since there is {dways occluded hydrog(?n present at the surface of 
electrodes made of these iwetals. Eurthermore, there is consider- 
able doubt as to the concentration of cations in solutions of metallic 
salts of this character ; it it probably mainly due to the small 
conceptratipn of cations in the solutions tliat metals like tungst ai 
cannot, be deposited eloctrolytically from an aqueous solution. 
Ihe published values for the normal electrode potential of such 
metals as tungsten — although not altogether devoid of importance 
-have a significance quite different from tli^e values ascribed to 
such metals as copper and silver. 

In the case of metals like sodium and potassium, which decompose 
water, values for the electrode potentials have been obtained by an 
indirect method, in which the amalgam is employed. * 'Details of 
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this met{id»(i, appeta to beiquite satisfac|i3r3^, must be sought 

els4 where., ^ 

Use of Electrode Potential Measurements in* Volumetric 
Analysif.' «Tp 6 f:1ci‘ to render familiar the notion of electrode 
potentials/jt is convcriii'nt here to refer to certain applications of 
potentiometer worlv to volum6tric analysis. 

The ordifiary method of estimating an acid solution by titration 
wi,th alkali in jVesenee of an indicator such as litmus or phenol - 
phthalein, becomes unsatisfactory in certain ‘cases. For instance, 
if the solution contains (coloured substances as is the (;ase in many 
of the acid licpiors used in tanning the colour change of th(‘ in- 
dicator cannot be observed. Again, if the solution contains the 
salts of w(Nik acids, the (colour-change is (jften gradual, and tlu're 
is doubt as to what point should be regarded as th(> end-point ; 
frequently, ditTerent indicators shpw their distinetiv e colour changes 
at (piitc different points. 

In such cases, the method of electro-titration is very helpful.- 
It Yley)cnds on the variation in the 2 )otential of the hydrogen elec- 
trode according as the liquid is acid, neutral or alValiiK'. The 
normal calomel electrode is used as the second half-ecOl, and tlu^ 
E.M.F. of the combination can be calculated in the tliive possible 
c^ses. 

rt,Ho ! Acid I Normal Calomel E.M.F. - 0-283 — 0 00 - 0-283 volts 

! electrode 

Pt.Ho j Neut ral j Normal Calomel E.M.F. — 0*283 -{- O-lOtJ) — 0 089 volts 
j liquid elcctrod(' 

Pt,ir 2 i Alkalitii' Normal Calomel E.M.F. ^ 0-283 - {-0-81 2) - 1-095 volts 

i liquid ; electrode 

A usi'ful form of th<^ apjtaralus employed is showm diagraminalie- 
jilly in Fig. <SI. The hydrogen clectnale consists e.s.scmtially of a 
piece of blackened platinum foil, J^, support'd by a pi(‘c(i of plati- 
num wire sealed through the glass tube T- It is surrounded by th(' 
slotted glass hood H, into which hydrogen gas is passed through 
the side tube S. The whole is immersy^^d in the liquid to be titrated 
contained in a beaker. The level of the slot is such that the liquid 
always covers half the surface of the platinum, and the hydrogen 
is introduced int(*/ the hood at such a rate that a bubble escapes 
from the notch every second or two ; after the gas has been bubbkKl 
through the liquid for 10 minutes the platinum is saturated with 

1 G. N. Lewis and H. A. Kraus, J. Amer. Chern. ^oc. 32 (1920), 1459 ; 
G. N. Lewis and F. G. Keyes, J. Amer. Chem. Soc. 34 (1912), 119. 

2 J. H. Hildebrand, J. Amer. C/iem. Soc. 35 (1913), 847 ; H. .1. S. Sand and 
D. J. J.^Soc. Chem. Ind. 30 (1911), 3. An older method is described by 
W. Bdttger, Zeitsch. Phys. Chem. 24 (1897), 253. 
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*11 out the 


hydrogen, but the fbubbling shoield be cf)n1^ii uVd' 
titration in order to ensure* Wiat it rcmaifis sa%umb 

The end oS the tube of the* normal ealoniel eject roth' N is also 
introduced into the liquid, and the eonneetiiig l<^ifds fnw'^ the two 
electrodes are joined to an ordinary ])otenti(^nu‘ter, wluclWs adjusted 
so aft to balance- and thus measun the lO.M.F. provided by the 
combination. • t • 

With the acid liquid placed in the bcakm' the combination yields* 
at the beginning aho^it 0*3 volts ; when alkali is added grhdualiy 
from the bui’cttc, thi‘ F.M.F. rises slightly, but, as long as acid is in 
distinct excess, the rise is hut small. Just before neutrality is 
obtained, however, tin; F.M.F. rises sharjily, and, when alkali is 
actually in excess, the combination requires a P.D. of aliout a 



volt to balance it. Th(“ neutrality ])oint ” is taken as being the 
point when the IM). is equal to t)-()9 volts. 

When the salts of weak acids are ])resent in the liquor to lie 
tested, the rise of h].l\l.F. isless sudden, and it is (‘asy to undeistand 
why an ordinary indicator s^iould giv(' a. gradual colour change ; 
with the el(‘etrical method, however, there is never any doubt 
about 'the Tnd-])oint, which is always taken as the moment wlicn 
the cortibination produces an E.M.F. of O-bO volt^. ^ 

It is possible to use the same apparatus to observe the ])otential 
at which the characteristic colour changes of different indicators 
occur, and from the potential the hydrion •concentration which 
determines the colour change can easily be calculated from the 
equation, i 


E -- 0-058 log C. 
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By thW moihVcF, for mstanoo,fit has been f(|Lind that^ : — 
Phenol}ihthIlei#i*(tiirn)^ pink wher#4:h(5 hydriefu concentration 
drops below ^ x lO'^^N. 

Methyl fOrangc^ turns from orange-red to yellowish- orange when 
the hydri(?^ii concentrg^on dr(^s below 5 x 10"^N. 

Laemoid turns very gradually from red (at lO'^N) through*red- 
violet (IOt^N), violet (lO'^N) to blue (10~®N). • Litmus shows a 
similar gradual colour-change from red through violet to blue. 
The violet range corresponds to about 10‘^Ji the hydrion concen- 
tration of pure water. 

It is now clear why methyl orange^ is not turned distinctly red 
by carbonic acid ; carbonic acid is a feebly ionized acid and has, 
moreover, a small solubility. The hydrion concentration even of 
the saturated solution is never as high as 5 10'^ normal, and 

therefore this acid caiinot cause the colour change. 

Another application of electVical methods to determine the 
end-point in volumetric analysis concerns the titration of oxidizing 
ag^piii^s by reducingagents, and vice versa.- For instance', the estima- 
tion of ferrous iron in the presence of chlorides is nearly always 
carried out by titration with potassium diehromate. *No marked 
coloirr change accompanies the reaction, and in ordinary practice it 
is necessary, after each addition of diehromate, to ascertain the 
progress of titration by testing a drop of the liquid with a drop of 
potassium ferricyanide on a porcelain slab. As long as ferrous 
iron remains in the solution, a blue precipitate of ferrous fen-i- 
cyanidc is obtained. This method, however, occu])ies time, and, 
in the presence of colloids or of coloured substances, it may be very 
difficult to tell when the cnd-j)()int has been reached. 

Here again the introduction of a calomel and plat inum electrode 
into the solution gives a combination, the of which changes 

suddenly as the end-point of the reaction is reacla'd. In this case, 
a bright platinum electrod«? can be employed, and there is no 
occasion to keep it saturated with hydrggen. The solution must be 
kept vigorously stirred throughout the titration. The combinafton 

rt I Ferrous salt | Normal Calomel Electrode 

gives an E.M.F. which when measured on the potentionjeter is 
about 0*2 rolts. Potas.sium diehromate can now be run in from 

^ E. Salm, Zeitsc^h. PJtys. Ctiem. 57 (1907), 471. See also E. B. K. Prideaux, 

" Theory of Indicators ” (Constable). 

2 G. S. Forbes and E. P. Bartlett, J. Amer. Chem. Soc. 35 (1913), 1527 ; 
J. C. Hostetter and H. S. Roberts, J. Amcr. (J/imi. Xoc, 41 (1919), 1337 ; 
G. L. K^ey and R. T. Bohn, J. Amer. Chem. Soc. 41 (1919), 1776; G. L. 
Kelley, jT K!' Adams, and J. A. Wiley, J. Ind. Eng. Chem. 9 (1917), 780. 
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the burette. The fi|st additions ^ausc Iit41e^ch6ji^c/^i:i 4ie value 
of the E.M.E. As, howevei^ the end-p«int is tki proached the 
E.M.F. rises rapidly, and as sobn as th*c dichromate is present in 
excess, the E.M.F. of the cell, which can then be ^written. 

Ft I Dichromate I Normal Caloitu*! Electr®do* 

• ' 9 

is about 0-8 volts. . It is customary to take the “ end-poivt ” as tjie 
point at which the? E.M.F. becomes equal to 0-58 ^gdts. 

The method has b%3n applied to the converse operation, the 
titration of chromates with ferrous iron. In this case, of course, 
the E.M.F. falls suddenly — instead of rising suddenly— as the end- 
point is approached. It has also been found useful for the titration 
of a vanadate solution with a ferrous solution, in the volumetric 
estimation of vanadium."^ 

Finally, the elevation of the potential at a platuium electrode 
caused by the presence of an oxidising agent has been used for th(^ 
estimation of small quantities of hypochlorites in sterilized drinking- 
water,- and also in the titration of hypochlorites, at greater co^i4*ei*- 
trations, ])y arseuious acid.^ 

Summary. It is found possible to regard the equihbrium 
E.M.F. of a cell of the Daniell type as the dilTerence between the 

single potentials ” of the two “ half-cells ” or “ single electrodes 
(th(5 P.D. at the junction between the two liquids being ^asu^ly 
small). By clioosing a given “ half-cell ” (e.g. the “ normal calomel 
electrode: ’’ or the “ hydrogen electrode ”) as a standard, and fixing 
the potential of that “ half-cell ” as zero, we can express consistently 
the potentials of other single electrodes on a scale ; thus the “ normal 
calomel ” and the “ hydrogen ” scales — differing by 0*283 volts- — 
are arrived at. The so-called “ absolute scale ” is based upon the 
assumption that the P.D. at a mercury surface really becomes 
zero, when the interfacial tension of the mercury is a maximum ; 
this is probably not quite triu', and the “ absolute scale ” is seldom 
used. • 

• c 

The P.D. existing between a metal electrode and a. solution of 
one of its salts dt'pends not oiiy upon tiu' character of the metal, 
but upgn concentration of the ions in the solution. By deter 
mining, /)r calculating, the })otential of a metal against a solution 
of normal ion concentration we get the ‘‘ normal electrode potential 
of the metal. We can arrange the metals in order of their “ normal 
electrode potentials,” and thus obtain a series — the “ Potential 
Series ”■ — in which the noble metals like gold and platinum (with 

^ G. L. Kelley and J. B. Conant, J. Amer. Ghcm. Soc. 38 (1916), 341. 

^ K K. Rideal and U. R. Evans, Analyst, 38 (1913), 353. • 

» W. D. Treadwell, Helv. Chim. Acta. 4 (1921), 396. 
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high p(^jitivi^ ''potcptMs- accoF’ding to thef present convention 
regarding sigSs)‘'stf*jid stb the top, aifd'the reactive metals like zinc 
and potassium (with negative j^otentials) stand at the bottom. 
Tlie valu6 of tln^ normal electrode potential eintomizes the stability 
or re^ictiv^ft.y of a metql. 

The P.J). at a metal electrode varies with the concentration of 
cations iirthe solution, a metal becoming virtually less “ noble ” in 
a dilute solution, and especially in a solution in whi(;h it exists as 
complex anions instead of as normal cations. Thus silver and 
copper, which beliave like noble metals towards an ordinary salt 
solution, behave like reactive metals towards cyanide solutions. 

The potential of hydi-ogen is extremely interesting ; it varies 
with the concentration of hydrogen in (or upon) the electrode- 
material, and also with the concentration of hydrogen ions in the 
solution. The potential of hydrogen-saturated ])latinum in an 
alkaline solution dilTers by ab^)ut 0-8 volts from that in an acid 
solution, beitig lower (more negative) in alkaline solution. This 
fticf is used in the electrometric method of titrating acids by alkalis 
— wdiich is convenie!it in coloured solutions, and in other cases 
where the employment of an indicator is impossible. 

'Phe potential of an insoluble electrode like plat inum is rendered 
^highly positive by the presenc(i of an oxidizing agent, in the solution, 
bift' is* depressed by the presence of a reducing agent. An electro- 
metric method of titrating oxidizers by reductu’s and vice versa 
is based upon this fact. 



CHAPTER X 

POLARIZATION AND OVERPOTENTIAI. 

Polarization. In the Iasi, ehaptcis we liave dealt with the 
])otentials of eells and lialf-eells corresponding to eqniUbriiini con- 
ditions ; in the present ofuipter, it is necessary to consider how 
these potentials alter when current connnences to flow. 

it has l)(H‘n stated, for instance, that the electrolytic decom- 
position of zinc bromide connnences as soon as the. applied K.M.P. 
exceeds 1-S volts. But, if the decomposition is to take place altaify 
considerable rate, this critical potential must be exceeded by a con- 
siderable anfoimt ; the greater the excess potential employed, 
the quicker the current is pushed through the cell, and the quicker, 
th(‘.refore, does the decomposition occur. Part of this excess 
potential falls over the liquid within tlic cell, but a good derl is .vlso 
accounted for by the fact that — when the current is increased — 
the pou ntial at each electrode alters. The potential at the cathode 
l)ecomes more negative than the equilibrium value of the electrode 
Zn I ZiiBro, and the electrode is said to be cathodically polarized ; 
meanwhile the potential at the anode becjomes unduly ])ositive, 
and the electrode is said to be anodically polarized. 

The same sort of effect is seen in curnmt -producing cells. Con- 
sider once more the Daniell cell. In a state of equilibrium, it 
balances a P.D. of 1 096 volts. But, when the Daniell cell is made 
to yield a current, this full JCM.F. is not necessarily obtained. If 
an accurate voltmeter be connected across the terminals of a Daniell 
cell, which is made to yield a current through an external circuit, 
an E.M.F. less than 1-096 volts will be registered ; the lower th . 
resistance of the external circuit is made- — and the higher the 
current which the cell sends round that circuit?- -the* more the 
E.M.F. drops below the equilibrium value. 

The two causes of the drop in the E.M.F. are explained graphically 
in Fig. 82. In a state of equilibrium (Fig. 82 (a)j, the full P.D. 
of 1-096 volts is produced, this being the algebraic difference between 
the single potentials at the copper and zinc poles. But whtjn the 
cell furnishes current round an external circuit (Fig. (b)), a 
M.C.«— VOL. I. 337 Z 
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fraction fcf Volta, ge-producad falls over tfie electrolyte within 
the cell— the resistance <!)f which is nt^ negligible ; only the portion 
which falls outside the cell is registered on the voltmeter. There 
is, howevof, a second important cause for the low reading on the 
voltn'ictci.' The single potentials at the two poles t^re no longer 
equal to the equilibrium values ; the zinc has become anodically 
polarized,* and is less negative than before ; the ^copper has become 
cathodically j.olarized, and is less positive than before. The 
algebraic difference between the two is no longer 1-096 volts, and 



f^esuftant 

P.D. 

between 

Terminab 


Fig. 82 . — Disfribution of Potoiitial in J>auiell (.•oil Circuit (a) in stato of 
Balance, (/>) wluai proiluciiig (Mrrcnt. 


the higher the current the cell is called upon to produce, the less 
will the E.M.F. of the combination become. 

A particularly interesting case is that of the cell 


Cu 


I CuS()4 
soluti(3n 


Cu 


Here the single potential at each electrode is — in a state of equili- 
brium— the same, and the combination as a whole has a cl’ftical 
E.M.F. ctjual to zero. Howiwer, when a current is forced through 
the cell the potentials at the two electrodes are no longer the same 
as before. The singhi potential at either copper electrode* can be 
determine whfLst the current is passing, by inserting ^he tube 
of a calomel electrode into the copper sulphate solution right against 
one of the copper electrodes, and joining both the calomel and the 
copper electrodes to a potentiometer. It is found that, when 
current passes, the potential at the cathode becomes less positive 
(cathodically polarized), whilst that at the anode becomes more 
positivff fanodically polarized). The higher the “ current den- 
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sity ” (that is, tjic ‘current per uftit electrock‘ i\rea} becomes, yie • 
greater is the amount of polarization or efbpan ire ■from the 
equilibrium ptitential. The polarization of a ix^ll of this kind 
corresponding to different values of the current density sko wn by 

the curves of Fig. 83.^ Curve C sho^vs the ^^athodic y olarization— 
the departure of the cathodic potential from the (‘quilibrium value ; 
curve A shows the anodic polarization, whilst curve T*represefits« 
the total polarization, the arithmetic sum of thi' polarization 
the cathode and the*anode. The total K.M.F. which must be 
impressed upon the cell to obtain any particular cuiTcnt density 
will greatly exceed the total polarization, since it will include the 
potential falling over the liquid between the (dectrodes, the magni- 
tude of which will depend upon th(‘ distance between the electrodes 
as well as upon the con- 
ductivity of the solution ; 
the total F.M.F. for one 
particular cell is sug- 
gested by the curve F. 

The occipaence of 
])olarization is by no 
means surprising. Al- 
though a very small 
departure from the equili- 
brium potential should— 
at a res ersible electrode 
— cause a slow transfor- 
mation of atoms from the 
ionic state to the metal- 
lic state or vice versa, 
yet the velocity of this change will be limited.- As the potential 
is altered further from the equilibrium valui', the velocity of th(‘- 
( hange increases and the current [ler unit, area, which is a measure 
of the velocity of the chan^, increases also, do every possible 
value of the polarization, a definite (uirrent density corresponds. 

in many eases, if the eurreni^ is allowed to flow through a cell 
for some tiu’e and is then shut off, the ])otential at each electrode 
slowly rqjburns to the equilibrium value ; but, in ce^i'tain instances, 
the effects of polarization arc* eomparativ(‘ly permanent, the 
potential at the anode remaining abnormally high, and that at the 

^ 0. P. Watts, Trans. Amer. Elcctrochem. Soc. 19 (it)ll), 103. Compare 
also D. Reichinstein, Zeitsch. Eleklrochem. 18 (1912), 850, who has studied the 
effect of acidity on the polarization of tlie Cu ] Cii" electrode. 

“ “ Limited reactional velocity ” as the primary factor in polarizatipn is 
rightly insisted on by M. Le Blanc, Zrilscit. Klrktrochrm. 6 (1900), 4 72.^ Com- 
pare, however, W. Block, Ann. Ptiys. 22 (1907), 505. 



Current Density, MiUiamperes per sq. cm. 
Pic. 83. — Polarization on (lie Cell 


Cu j Cu.SO^ [ Cu. 
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cathode Vbncfr A- ally 4ow, long ^tcr the currrfit has been stopped. 
Tfiis is often, diie ^o the presence, ox gases (oxygen at the anode, 
hydrogen at the cathode) which have been produced by the action 
of the .current! ' In other cases, the persistence of the abnormal 
potentials cfn be re^iOTcd to changes in concentration around the 
electrodes produced by the passage of current. ^ For instance, in 
the cell ‘ 


Cii 1 CUSO 4 1 Cu 

referred to above, the solution next to the cathode where copper is 
being deposited quickly may become m(.xre or less exhausted of 
copper ions and that round the anode will become more concen- 
trated than the body of the solution. 'I'ht‘se (umcentration changes 
will produce an alteration of potential at each electrode ; the 
])otential will become less positiv(i at the cathode and more positive 
at the anode. The “ concentration type of polarization ” is of 
course greatly reduced by the mechanical stirring of the solution. 

' Marked polarization occurs at a much lower current density when 
complex salts are employed than when simple salts alone arc present 
in the solution. The potential at the cathode - 

Cu I KCN.CuCN, 

' for instance, alters much more quickly with increasing current 
density than the potential at the cathode ^ 

Cu I CUSO 4 

The difference is no doubt due to the comparative paucity of Cu” or 
Cu' ions in the complex salt bath, in which local exhaustion of ions 
readily occurs. Moreover the fact that in the cyanide bath, the 
current carrix'S the copper —as a whole— away from the cathode, 
instead of towards it, must help in causing i)olarizati()n. 

“ Overpotential ” accompanying the Evolution of Gas.^ 

’ Concentration changes, due to “ limited velocity of diffusion ” us an 
important factor in polarization is well shown by the work of Norns1r«.nul his 
pupils. See K, Salomon, Zeit.sch. PJojs. (Jhem. 24 (1897), 54 ; 25 (1898), 305 ; 
U. ( Jrassi, Zeitsch. Phys. (Jhem. 44 (19('3), 400 ; W. N~)rnst, 47 (1904), 52 ; 
VV^ Nenist and E. S. Mcrriam, Zeitsch. Phys. (Jhem. 53 (1905), 235. Other 
])apers wnrth consulting are those of F. G. Cottrell, ZeitsP . PJys. Clicm. 
42 (1903), 385 ; H. VV. Aten, Proc. Amst. Acad. 19 (1917), 653, 765. 

^ F. Spitzer, ‘Zeitsch. Elektrochem. 11 (1905), 345. 

^ G. Coffetti and F. Foci'ster, Per. 38 (1905), 2934. 

» Note : E. Newbery, Travs. (Jhem. Noc. 109 (1916), 1051, 1060, 1107, 1359, 
uses the word “ overvoltage ” in a sense dillerent from that in w'hich other 
workers employ it, since by means of a commutator he measures the P.D. 
at an electrode after the fX)larizing current has been shut off. He thus obtains 
only the permanent fjolarization. The reader w4ie7i rtderring to his papers 
should bear this in mind. Newbery’s attitude is criticized by D. A. Macinnes, 
J. AmJbh.XJhem. Soc. 42 (1920), 2233. Practical work by S. Dunnill, Tram. 
Ghem. Soc. 119 (1921), 1081 indicates that Newbery’s method is less satis- 
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Where the electrodic, reaction is sueh as w«ul^ caii^e bhe evolution 
of gases upon an electrode, •} special typfc of pblarizaticjU is nfet 
with. If, for instance, a small E.M.F. is applied to an electrolytic 
cell filled with dilute acid, and is gradually inergased, (Sne would 
expect that the evolution of hydrogen gas wojild coinmitHce fit the 
cathede as soon as the potential at the catliode is depressed below 
0-0 volts. As a matter of fact, if the cathode consists of •blackened 
platinum, the evolution of hydrogen in bubbles commences at a 
cathode potential of •--0-005 volts; but, with other electroJc 
materials, it does not begin until a far more negative point is 
reached ; at a zinc cathode, for instance, it only commences when 
the potential reaches 0-7 volts. The ditference betwe(*n the 
potential at which bubble-formation commences and the ti-ue 
equilibrium potential is called the overpotential ; it depends on 
the nature of the cathode material, and also on the character of th(' 
surface, lieing gr(‘ater upon a smooth surface than upon a rough 
one. The same electrode will, howev(‘r, give difierent overpotential 
values at ditTerent times, and the discrepancy between the vifclu?H 
obtained by different experimenters who have used different 
methods for measuring it is very great. 

The following taljle shows the cathodic overpotential of hydrogen 
evolution upon various surfaces as obtained by Caspari using an 
acid solution.'^ The numbers refer to “room tempera lure” 
ovcrp>;tential falls off rapidly as the temperatur(^ ris(\s. 


Platinum (black) 

0 005 volts 

Copper .... 

. o- 2 ;i 

Platinum (bright ) . 

009 

Cadmium 

. 04S 

Gold 

0-02 

Till .... 

. o .5:i 

Silver 

015 

Leaii .... 

. Otil 

Nickel 

0-21 

Zinc; 

. o-TO 

Iron (Newbery's method) 


Merc m y 

. 0-78 


about .... 0-2 


Overpotential although a form of polarization — should be 
distinguis}i(‘d clearly from the (jradwil change in potential with 
increase of current density wliich has been discussed at the beginning 
of this chapter. The ordinary type of polarization, such as occurs 
in the deposition of copper from a sulpha t(' bath, can — in general- • 


factory than ilio “ direct method ” commonly employed. Nev^ery’s reply 
to Dimnill appears in Trans. Chem. i^oc. 121 (1922), 7. 

^ These values — except in the case of iron — are those given by W. A. 
Caspari, Zeitsch. Phys. Chem. 30 (1889), 89. 8oe alsc' H. Nut ton and H. D. 
Law, Trans. Faraday tioc. 3 (1907), 50, for values in alkaline solution. J. 
Tafel, Zeitsch. Phys. Chem. 50 (1905), 712, has measured the cathodic P.l). 
at high current densities and liis numbers include the effect of ordinary 
polarization. Other measurements have been made by A. Coohr„, Zeitsch, 
Phys, Chem. 38 (1901), 609. 



342 


METALS AND METALL];^ COMPOUNDS 

be made ^egligiHly snjall'if we ar^ content to caj>Ty put our electrodic 
reaction yery slowij^— that is, at a v6ry small current density ; it 
seems essentittlly to be connected with the limited^ velocity of a 
chemical le^cticii— or the limited velocity of the diffusion of salts. 
But the bverpotentip^l ” which attends the evolution of a gas in 
bubbles is different. It cannot be overcome by working at k low 
velocity. .Until the cathodic potential at a smov)th zinc electrode, 
for instance, differs from the equilibrium potential by 0-70 volts, 
hydrogen gas is not produced at all- or at least not in the form of 
bubbles. For this reason, those theories which ascribe over- 
potential to the sluggishness of some stage in the electiodic reaction 
appear, to the present author, to be unsatisfactory. ^ 

As a matter of fact, it is easy to find an analogy for the })heno- 
menon of overpotential.- All our experience regarding the evolu- 
tion of gas in bubbles goes to show that bubbles are nev(‘r produced 
until there is considerabk^ siqfersaturation or superheating. A 
simple example is afforded by the boiling of water. At 100" the 
vkp(Hir pressur(‘ of water is equal to that of th(‘ atmosphere, and 
above 100" it exceeds that of the atmosphere ; nevertheless it is 
possible to heat air-free water in a vessel with smooth, clean side's 
as high as lOO" before the formation of bubbles occurs; when 
^lioiling does occur, just above 106", it is of the violent character 
knr.wn ‘..s bumping.” If the water contains dissolved air, small 
air-bubl)les are produced on heating the liquid and these form nuclei 
for the formation of steam -bubbles ; in such a case', there is little^ 
or no super-heating, ebullition occurring quite snnmthly at about 
100". Any roughness on the sid(\s of th(^ ve'ssel likewise aids the 
formation of steam-bubbles, and serves to ])revent super-heating. 

Super heating is very generally regarded as a surfaee-tensioii 
phenomenon. VT*ry minuter bubbles po.ssess a very large surface 
compared to their volume, and, since their eotitent of surface 
eiu'rgy is very great, they constitute nn unstable form of mattc'r. 
Now all bubbles are necessarily minute at the moment of thc'ir 
formation, before they have' had time to grow to greater size, aiid 
this fact prevents the inception of bubbles when the vapour pressure 
of the liquid only slightly exc(*eds that of the atmo^phcfc. If, 
however, the temperature is raised to 106", the vapour pressure 
so much OKceedS that of tlie atmosphere that even these minute 

' The theory of C. W. Bennett and J. G. Thompson, J. Phyn. Chem. 20 (1910), 
296, although of great Interest and no doubt containing an element of truth, 
caimot scarcely he accepted us a wliole. There is likewise difficulty in accept- 
ing the theory of N. Isgarischew and S. Berkmann, Zeitsch. Ekktrochem. 28 
(1922), 40, 47. 

* U.'K^jEiliyans, Trans. Farofkty Hoc. 9 (1913), 310 ; also Trans. Faraday Hoc. 
18 (1922), 10. 
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and unstable bubbles can be forn^jed, andf whei9^ )n«e agducleus- 
bubble has been produced^, grows whh ai^* f^br ost explosiro * 
velocity, and bumping ” is tiic result. 

The phenomenon of overpotential can be interpreted qualitatively 
in rather the same way as “ bumping.” KSiippose that %i*etectro- 
lytic cell is lifted with a zinc cathode end is ifllcd with acid, and that 
a gradually increasing K.M.F. is applied to it. When th^ catholic 
potential reaches 0-0 volts, the surface of the zinc mpst l)e regarded * 
as saturated with hyd»ogcn. When it reaches - 0-1 volts, it mu.^L 
be supersaturated ; but no bubbles of hydrogen arc formed. A 
very little hydrogen may be removed by diffusion through the zinc 
or by combination with dissolved oxygon, and consequently a certain 
very small “ leakage- current ” may pass continuously, which 
represents the replacement of this removed hydrogen. But no 
current* of any appreciable strength passes until a cathodic potential 
of 0-70 volt is reached. At tltat point the supersaturation of 
the zinc becomes so great that bubble-formation becomes possible, 
and, hydrogen gas being evolved freely, the current passing bccqm'*s 
quite considerable. 

T'he surface tension theory ^ explains readily the fact that rough • 
surfaces have a smaller overpotential than smooth ones ; any 
iri’cgularity in the surface is favourable for the formationof bubbles. 
There appears to be a general connection between the overpoleid ial 
and liie angle of contact ” made by the larger bubbles of hydrogen 
as thcj cling to the metal of the electrode, an angle which also bears 
a relation to the surface tension. Qualitatively, therefore, the 
“ surfacie tension theory ” of ov(U'potential seems to explain the 
facts. 

When we attempt to study the matter quantitatively, however, 
ditlieulties arise. It is possible roughly to calculate tlie degree of 
supersaturation which corresponds to the different overpotcuitials 
observed. Amalgamated zinc, for instance, has an overpotential 
of 0-S8 volt ; and, according to tlu^ simplest method of calculating, 
this should correspond to a hydrogen pressure of atmospheres.- 
Apparently, it would require a gaseous })ressurc of lO'*® atmospheres 
to saturate the electrode with the gas to the same extent as occir's 
every time an amalgamated zinc cathode is used in the electrolysis 
of an acid solution. The method of calculation ^mplc^ed is cer- 
tainly not exact, but undoubtedly the degree of supersaturation 
must be very great- if hydrogen is thought to exist in the electrode 

^ H. G. Moeller, Zaitsch. l^hys. Chem. 65 (1909), 226. The view receives 
considerable support from the important work of D. A. Macinues and L. 
Adler, J. Amer. Chem. iSoc. 41 (1919), 194. • 

® PI. Newbery, Trans. Chem. Soc. 109 (1916), 1359. * 
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simply aiii a dhsa^lVed jgas. A gord deal of thought, has been devoted 
tdr accounting for the existence of a /system involving such a high 
supersaturatidn. Newbery prefers to think that the hydrogen 
exists in Mie cat^^ode as an unstable metallic hydiide ; the fact that 
the value 6f the overpotential of a metal seems to have a connection 
with the valency lends this "view some support. It is possible 
that he is dright m thinking that some sort of combination between 
’hydrogen and t the cathode metal does occur, but it is doubtful 
whether hydrides of definite formulae are ever produced. In any 
case, such compounds would appear to be rather the eiTect of over- 
potential than the cause. 

It is, however, probable that the hydrogen which determines 
the potential of a polarized catliode exists- not dissolved in the 
metal — but adsorbed n/pon the metal, as a film only one atom, or 
perhaps one molecule, thick. The total amount of this electrically 
active hydrogen existing upon the cathode is ju’obably vt^ry minute, 
and tlie ordinary ideas of sui)ersatu ration therefore scarcely a])ply 
to such a case.^ The present writer has put forward the suggestion 
that the hydrogen adsorbed at the cathode surface is in a state 
intermediate between the atomic and ionic conditions . 2 

Oxygen OverpotentiaL Overpotential also occurs at an anode 
.hi cases of electrolysis where the evolution of oxygen gas is aimed 
at.*' It*Ts rather difficult to determine directly the potential at. 
which oxygen ought to be evolved if overpotential did not occur. 
But the equilitrium potential of the electrode, 

.Metal saturated Acid of 

with oxygen normal hydrioii 

at 1 atmos[)here concentration 

])ressure 

has been proved, by an indirect method, to be 1-2IJ volts. 

Under ordinary (ui'cu instances, it is always necessary to ap})ly 
a higher potential than -f 1 *23 volks^ before oxygen evolution in 
bubbles occurs, the (‘xcess ]>otential (or overpotential) being ^fown 
in the table below. It w ill be not^ed that only The noble metals 
can be used as anodc^s in an acid solution under circumstances which 

^ Another view' of overpotential, also based ii])on the idea of an Adsorbed 
film, is giv(^i by E. K. Rideal, J. Arntr. Che.in. Soc. 42 (1920), 94. See also 
H. V. »S. Knibbs, Trav.s. Faraday Foe. 18 (1922), 14. 

2 U. R. Evans, Trayin. Faraday Foe. 18 (1922), 10. 

® W. Nemst, ZeitseJn Elektrochem. 11 (190.^)), 835. Compare G. N. Lewis, 
Zeitsch. JViys. iJfimi. 55 (1900), 405, and also J. N. BrOnst(id, Zeitsch. Phys. 
Chem. 65 (1909), 84. 

^ Values in acid solutif)n quoted from W. A. Caspari, Zeitsch. Phys. Ch&m. 
30 (l^jOlp., 89. Values in alkaline .solution, obtained from results by A. 
Coohn and Y. Osaka, Zellseh. Anury. (Jhern. 34 (190.3), 80. 
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give rise to oxyg^ evolution ; oth^jr metaft ^ourO/JieKid tci aissolve 
anodically, and consequent}^ no Humbert, can* be givey for tfie 
oxygen overpo^iential upon these materials. In an alkaline solution, 
some of the more reactive metals can be used as ^soluble anodes, 
and the oveipoteiitial of such metals can y^vs be del ef mined. 


Alkaline Solution. Acid Solution. 


Nickel, spongy . . 

0 05 

• • 

• 

Nickel, smooth ...... 

012 o 


Cobalt . . • . 

0-13 

* * 

Iron ........ 

0 24 


Platinum, black ...... 

0-24 

0-39 

Platinum, smooth ..... 

0-44 

0-62 

Coppei’ ^ j 

I 0-25 


Lead [ these metals are visibly oxidized j 

0*30 


Silver 1 before oxygen is evolved I 

1 040 


Cadmiufti j ’ 

1 042 


Palladium . • • 

(M2 

()-30 

Gold 

0-52 

()-50 


It should b(i ])oint(‘(l out, however, that there is strong evit^uu^c^ 
for thinking that sonw* sort of oxide-film is generally formed u])on 
the anode bt'fore oxygen evolution takes place ; in some cases, 
lead for iiisfanoe, the formation of the oxide-film is obvious to the 
eye, but in other eases, e.g. platinum, the surface of the anode 
undergoes no visible alteration. The numbers obtained for +he 
overp. tential vary very much according to the method used for 
determniing it, and alter with the conditions under which the 
investigation is carried out. 

Overpotential has also been noticed in the anodic evolution of 
chlorine gas by the electrolysis of the solution of a chloride.^ 

Action of Depolarizers. If to the solution surroundmg the 
anode of a cell a reducing agent is added, which is able to react 
with— and remove* — the oxygen aecaimulating there Avithout the 
production of bubbles, Ave can conduct the electrolysis at a lower 
anodic potential tlian is ne^ided where; oxygc*n has to be evolved 
in gaseous form. Similarly, if the cathode is surrounded by an 
oxidizing agevnt, ve are enabled to pass current through the cell at a 
less negatiye cathodic potential, because; the hydrogen is cor. 
tinuous^ removed in a form aa liich does not involve the formation 
of gas. Indeed — if the oxidizer is a vigorous one — th» hydrogen 

^ In addition, tho type of polarization which occurH when nickel is deposited 
from an aqueous solution has, apparently, more in eommon Avith tho over- 
potential of gas evolution than witli tho normal polarization such as attends 
copper deposition. It seems that deposition will not take place within 
O'l volt of the equilibrium P.D. even at very low current density. The 
matter requires further investigation. See E. I*. Sclioch, Amtr.^lhbn. J., 
41 (1909), 209. 
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concentrw*tion' iu\ tho, electrode <may be kept< permanently below 
the satura tion value, and, in that casc^‘ current can pass continuously 
at a potential" which is on the positive side of O-OOG volts. 

Even di^isolvCti oxygen acts in this way. The electrolytic deconi- 
positiAn of acidulated^ water into oxygen and hydrogen should 
theoretically be possible at any E.M.F. exceeding 1*23 volts ; this 
theoretical F.M.E. is made up of the difference between the equili- 
brium value at the two electrodes. Thus: — 

IM). of the electrode H. | H* . . . ()•() volts 

P.D. of the electrode O.^ I H‘ . . . +1*23 volts 

Difference — 1*23 volts 

In practice, using platinum electrodes and air-free water, owing 
to the overpotential at both poles, we have to apply a inucli liigher 
E.M.E., I'O to 1-8 volts, before much curnait begins to pass. But, 
if Ave employ water containing dissolved oxygen and use a larg(‘ 
cathode, so as to give plenty of scope for the removal of hydrogefi, 
a very appreciable current can be passed through the cell by means 
of a much lower E.M.r.— about 1 volt.^ The dissolved oxygen is 
said to act as a “ depolarizer.” 

'• Use of Depolarizers in Primary Cells. lTobal)ly the most 
interesting examples of oxidizing depolarizers are provided by tho 
various forms of primary cell, and it is highly instructive to trace 
very briefly the evolution of practical current-producing batteries. 
The original cell invented by Volta in the year 1800 (consisted of 
t wo plates of zinc and copper immersed in dilute acid ; in this 
simple couple, the zinc passes into th(‘ ionic state at the negative 
]K)le, according to the reaction 

Zn Zn” -f 2c, 

whilst on the copper (positiv^e) ])ole, hydrogen passes from the 
ionic to th(^ atomic condition 

2H- -p 2e - 2H. 

When first the plates are immersed in the acid, the E.M.F. 
produced often exceeds one volt, but as the hydrogeh begins to 
accumulate on fnc copper pole, the potential at that pole— which 
is at first positive— becomes zero and finally negative ; when 
hydrogen begins to be evolved in bubbles, the E.M.F. of the com- 
bination has usually sunk to about half a volt. 

A distinct improvement, due to Smee, was the substitution of a 
platinized silver plate for the copper plate as the positive pole ; 

'• C. N. Hitchcock, Trans. Amer. Electrocfmn. Soc. 25 (1914), 416. 
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the rough surface fa<ailitates the liberation t in bubbles, 

and, by reducing the overpote ' tial of hydrogen -gtii«^rat ion, jhcrea!#s 
the working B.M.F. of the cell. 

Even in such an arrangement, hydrogen can er bt** evolved 
until the positive pole is saturated with tlu^ If, hof^evfir, an 
oxidi2fing agent is added to the liquid, the hydrogen can be removed 
as it is formed, and the concentration of hydrogen at tl*e ])ositwe ^ 
pole can be kept extremely low ; the E.M.E. of the cell is accordingly 
increased. In the dlchromate cell, for instance, potassium 
dichromatc or chromic acid is added as an oxidizing depolaiizci, 
and carl)(m, which is unattacked by theses rcagenls, is iis(‘d as the 
])osiii\c ])ole. Fhc arrangement prodiicral, 

1 Sulphuric acid 

* Zinc I and i Carbon 

' Chromic acid (1^1 .CrO.,) ■ 


yields an E.M.bb of about 2d volts. It will be irmember'cd tfnat 
in the last chapter attention was called to the higli (p(jsitive) P.D. 
produced when an unattackable ele(;trode, like platinum, was sur- 
rounded by a strong oxidizing agent like potassium dichromate. 

In nearly all forms of practical primary cells, zinc is used as the 
negative (attackable) element, and carbon as th(‘ ])ositi c (un- 
attiickable) pole, ddie cells differ from one another mainly in the 
choice <■!' ihv oxidizing depolarizer. Dichromates and chromui 
acid have the advantage that- when the cell is working- they do 
not act on the zim* chemically to any great (‘xtent, although, as 
soon as the current is shut off, it is w(‘ll to raise the zinc pole out 
of the solution. In tlie Bunsen Cell, howt'ver, nitric! acid is the 
depolarizer, and, if this acid were to come into direct contact with 
the zinc, it would attaedv that medal ; thcM'cfore, a porous partition 
must be uscal to shut olV th(‘ nitric acid surrounding the pc^sitive 
(!arbon ])ol(‘ from the zinc, *The ct‘U (‘onsists cd tlu' combination, 


I Dilute ' Dilute 

1 H,S04l 


Carbon 


and yields about 1*9 volts. ^ 

Of greater practical value, arc the cells in which a» solid de- 
polarizer is used. In the Ledanch^ cell, the carbon positive 
rod has a mixture of granular carbon and ^manganese dioxide 
rammed tightly round it, thc‘ whole mass being contained in a 
porous pot. Outside this comes a solution of ammonium chloride, 
containing the negative pole which consists of a stick of *zinc. 


The combination can be written 
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The E.M.F. produced by the cell is about T5 volts ^hen fresh. 

Practically speaking the whole of the granular mass functions 
as the positive electi*qde, ancj it has thus a large active surface. 
Nevertheless, solid depolarizers, such as manganese dioxide, in- 
va'riably act more slowly than dissolved ones ; and, if the Leclanche 
cell is called ufion to produce a high current for any length of time, 
hydrogen begins to accumulate at the positive pole, and the E.M.F. 
drops below a volt ; the cell is then said to be “ polarized.” If, 
however, it is allowed to stand idle, the hydrogen is gradually 
removed by the manganese dioxide, and the rises once more. 

The so-called “ dry cell,” which is merely a Leclanche cell 
adapted for transport without danger of “ spilling,” is descrilx'd 
in the section on manganese (V'ol. II). 

Another useful cell with a solid de]K)larizer is the Lalande.^ 
This consists of the eornhination 

; NaOH ; 

Zme , • ( ij() , Copper 

I solution j ; 

The cupric oxide (CuO) reacts with the ljydrog(‘n formed at the 
nositive pole, becoming converted to cuprous oxide (CuaO) and 
even te metallic copper. The cell yields about a volt when fresh, 
but, as the cupric oxide becomes reduced, it falls considerably. 

Efficiency of an Electrolytic Process. The Current Effi- 
ciency of an electrolytic process has already been referred to. 
Faraday’s Law states that 90,580 coulombs of electricity (about 
20*8 ampere-hours) will be sullicient to deposit at a cathode the 
equivalent weight of any substance expressed in grams. Ihit it is 
possible that more than one substance may be produced at the 
cathode. For instance, in the deposition of nickel from a solution 
of nickel chloride containing acid, only part of the current may be 
employed in depositing nickel, mucli being concerned with tlic 
evolution of hydrogen ; this evolution causes necessarily a lowering 
of current efficiency. 

Another important cause of low current efficiency is introduced 
if a salt of a nyetal like iron, which has two ions Fe" and-Fe* ’, is 
present id the cell, in which deposition is going on. In this case, 
much of the current at the cathode is taken up in reducing the 
ferric ion to the ferrous ion according to the equation 
Fe’*' -f- e Fe” 

^ Soe ^./T. Allmand, " Prinoiplos of Applied Electrochemistry ” (Arnold), 
ji912 edition, pp. 203-200. 
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If afterwards th^ feisrous ion is carried sti’’^dng of#tne bath 

to the anodic surface it agair. becomes oxtdizecl'tc) tho ferric ioit 

• 

Fe‘‘ = Fe”‘ -f c 

« • 

and can thoii return to tlie cathode, and otjcc more ^reduced. 
It is 'evident, therefore, that a small amount of iron salt may con- 
tinue to act as a -waster of current for an indefinite time.. The ofily 
method of preventing this from happening is to dbride the f;el] by* 
means of a porous partition, and thus prevent ferrous iorfs frohi 
travelling from cathode to anode. 

If, at any time during electrolysis— or after the current has been 
shut off — the nickel deposited is chemically attacked by tlie a(^i(l 
in the bath, or by the oxidizing agents present, the yield {)f metal 
obtained is clearly r(;duced ; this constitutes anotbei* I’cason for 
the diminution of the current elticiency of the process as a whole. 

When, therefore, at the end ftf the operation, we weigh the 
deposit and express the weight of nii^kel actually ol>taincd as a 
perc(mtage of that which wa;)uld be expected from Faraday’s T^yiw*-- 
on the assumjition that ail the current has been devoted to the 
deposition of nickel — the current efficiency of the process is obtaiiaed, * 
The current elticiency of technical electrolytic processes is usually 
fairly high ; it commonly exceeds 70 per cent., and sometimes 
the manufacturer obtains as much as 95-98 per cent, oftihe ♦sti- 
matcvi yield. 

On t!io other hand, it is generally necessary to apply to the cell 
an E.M.F. considerably in excess of the theoretical decomposition 
voltage if the process is to b(‘. carried on at a reasonable speed. A 
considerable IM). inust be made to fall over the liquid within the 
cell to obtain the necessary movement of ions towards the elec- 
trodes ; in addition, at each electrode, jiolarization occurs, which 
increases as the curriait density is raised ; and where a gas is to 
be evolved at an electrode, ovcrpotcntial has to be provided for. 

^f the theoretical decompi)sition voltage is expressed as a fraction 
of file working E.M.F. employed, the fraction is a measure of the 


E.M.F. efficiency of the lyocess. For instance, if the theo- 
retical decomposition voltage is 2*2 volts and the working E.M. 

^ 2*2 

applied to the cell is 3*3 volts, the fraction is x 0*67. 

O’O • 


The energy efficiency denotes the theoretical energy required 
to bring about a change elcctrolytically expy^ssed as a percentage 
of the energy actually consumed under working conditions. Since 


electrical energy = quantity of electricity x P.D. 
tho energy efficiency is obtained by multiplying the Ciltrent effi- 
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cioncy I'y the fraction representing the E.F.F. efficiency. Thus 
if the current ehicfi^^ncy of a processes 00 per cent., and the E.M.F. 
efficiency is C-()7^ the energy efficiency is 

0-67 X 00 per cent. tiO per cent. 

■'1' 

Efficiency of a Current-Producing Cell. The conceptions 
oL current efficiency, E.M.F. efficiency and energy efficiency can 
equally well te applied to a curTcnt-producing cell. Faraday’s 
Law holds good here also, and consequentiy 32*08 grams of zinc 
should produce 06,580 coulombs (or 20*8 ampere-hours) in whatever 
form of cell it is consumed, assuming always that the zinc is only 
dissolved in such a way as to generate current. If, however, in a 
cell, the zim; suffers local (corrosion, of a kind that generates no 
current outside the cell, we shall not obtain the complete, 00,580 
coulombs of electricity. By expressing the quantity actually 
obtained as a ])crcentage of tlfat theoretically ]^()ssible, we hav(‘ 
the current efficiency of the cell. 

‘ Each cell has a certain maximum E.M.F. (1*000 volts in the case 
of the Daniel I cell). If — owing to ])olarization or to the fact that 
part of the total P.D. falls within the cell itself —it actually yields 
a lower P.D. over the external circuit, we can regard the fraction 

E.M.F. actually obtained 
maximum E.M.F. possible 

as the E.M.F. elliciency of the cell. The product of current effi- 
ciency and E.M.F. efficiency gives the energy elliciency. The- 
energy efficiency of primary cells in common use is usually high, 
sometimes 00 pen- cent. 

Summary. 'FIk* ecpnlibrium value of the ]K)tential [\i an 
electrode surface alters when a current pass(‘s, becoming low(‘r 
(more negative) at a cathode and higher (more positive) at an 
anode ; this departure from the equilibrium value is called polari- 
zation. Thus although an E.M.F. just exceeding the equililTriurn 
value will send a slight current through an electrolytic cell, the 
equilibrium value must be exceeded by a considerable amount if 
a large current is to be forced through. A current-producing 
cell likewif-p sh5ws ])olarization, the total E.M.F. yielded by the 
combination dropping off whenever it is required to generate a high 
current. Polarization is due partly to the naturally limited velocity 
of electrodic reactions, partly to concentration changes at the 
electrode surfaces (due to the limited velocity of diffusion), and 
partly^ to the accumulation of products of reaction (e.g. gases) in 
or on thP 'electrodes. 
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Whilst the polari/^ation a^itendirg the (ieposition of m^als can 
usually be rendered negligih\!^^ smaill by w)rkiiig yeiy slowly, 1 * 0 . 
at a very sm^ill current density, the evolution of r; xa-c.« Vloes not 
commence at all until the equilibrium potential js passed by a 
definite amount, called the over potential.^ xfie ov^vi^)hential 
depends on the nature of the electr:)de m<tterial aiu^ also on the 
character of the surface, being smaller for a rough surf<jce thaq a 
smooth one. It is closely connected Avitli surface tejusion, and is* 
probably due to the abnormally high surface energy of minute gifs 
bubbles ; every bubble is minute at the moment of its formation. 

An oxidizing agent at a cathode, or a reducing agent at an anode, 
usually acts as a “ depolarizer,” destroying the products of de- 
composition before they are able to accumulate, and thus rendering 
the potenticil needed for the passage of current less negative in the 
first ca^e, and less positive in the second. The critical decom- 
position E.M.F. of acidulated watej^is 1-23 volts, but a current will 
l)ass between electrodes itumersed in acidulated water containing 
dissolved oxygen at a much lower voltage. ^ » 

In current-producing cells, oxhlizing agents (diehromates, nitric 
acid or manginese dioxide) arc employed as depolarizers to keep 
the hydrogen-concentration at the positive pole as low as possible. 
Oils containing depolarizers necessarily give higher E.M.F.s thaii 
the old type of cell in which gaseous hydrogen was produced, even 
thougi/ in the older type overpotential might be practically over- 
come (ii - in the Smee cell) by the employment of a positive pole 
with roughened surface. 

Th(‘ current efficiency of a j)roccss of electro-deposition is the 
yi(‘ld of metal obtained at tlu^ cathode ex])ressed as a percentage 
of the } icld calculated by Faraday's Law. It drops below 100 
per cent, if hydrogen is evolved, or if an oxidizing agent (e.g. a 
ferric salt) is present in solution which will be reduced cathodically 
(thus wasting current), or which, alternatively, may redissolve 
the deposited nudal (thus reducing tlie yield). 

ThVf E.M.F. eJliciency is the theoretical E.M.F. needed for the 
decomposition expressed as a fraction of the E.M.F. actually cm 
ployed. ^ It is reduced both by^ polarization and by overpotential 
The eneriy ’efficiency is tlu' product of the current efficiency and 
E.M.F. efficiency. 



CHAPTER XI 

THE DEPOSITION OF METAL UPON THE CATHODE 

General. There arc numerous occasions on which it is desirable 
to deposit a metal electrolytically from a solution of a salt. It will 
facilitate the understanding of the present chapter, if a few of the 
more important cases are mentioned. 

(1) In the electrolytic reduction of a metal from the ore, the 
ore (roasted, if necessary) is leached with an acid (or other reagent) 
so’^hs to give a solution of a salt of the metal in question. This 
solution is then electrolysed, in a cell fitted with an insoluble anode ; 
the metal is deposited on the cathode, and the acid is regenerated 
as a result of the anodic reaction, and can be used to leach more ore. 
When the cathodic deposit becomes inconveniently thick, it is 
removed and melted down in a furnace. In this case, therefore, so 
long as tlie deposit is sufficiently coherent to hold together until 
it reaches the furnace, the physical character is not of great im- 
portance. 

(2) In the electro -refining of a metal, soluble anodes consistmg 
of the impure metal to be refined are immersed in a bath containing 
a salt of t he metal ; the cathodes usually consist of thin sheets of 
])urc metal. Under ideal conditions, p?(7’e metal is deposited on 
the cathodes and a nearly equal amount is dissolved at the anodes. 
The impurities either remain uridissolved as an “ anode sludge,” 
or, if dissolved, are not eo-deposited on the cathodes. Here-Again, 
the cathode deposit is generally remelted before use, in which case 
only a moderately coherent form' of metal is needed. However, 
attempts have been made at different times to dopo.jit the pure 
metal in^the form in which it will finally be used, thus avoiding 
the process of remelting ; if such an attempt is to succeed, an 
extremely non-porous, compact deposit is called for. 

(3) In electro -plating, a very thin but extremely smooth and 
coherent film of metal has to be deposited upon an article of another 
met^l, which is made the cathode. A soluble anode consisting 

•of the ^etal to be deposited is generally employed, so as to keep 
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the bath replenished. In ^ftectro-plating Jhe extreme smt^thness 
of the deposit is*essential, so than it will^takc^ ^ nigh pSjish ; ^it 
must be non- porous and str.-ngly adherent. • 

(4) In electro -analysis t the complete, depositfoii of a* quantity 
of metal from a salt solution upon a cathodt^ \\eiglmd*hcffove the 
process, is required, an insoluble anoie beiil^ invarialJy employed. 
Here the deposit must be sufficiently coherent and adherent ^to 
allow of rapid drying without oxidation and acenrate weighing;* 
it must contain the whole of the metal in the solutioii, but nothiifg 
else besides. 

Now, although all these processes are essentially difl’enait, the 
changes occurring at the cathodes are governed in each case by the 
same principles, and are not directly affectc'd ])y what may be 
proceeding at the anode, although they may be atTected indirectly 
if the a^iodic reaction introduces a change in the composition of the 
solution. It is possible to study# cathodic changes in a general 
manner without reference to the accompanying anodic changes, 
and the presemt chapter will be devoted to the study of catlipdic 
deposition.” Tfie succeeding chapter, on the otJier hand, will be 
devoted to '•anodic dissolution,” consider'd ((uite independently 
of the accompanying cathodic change. 

Current Efficiency in the Deposition of Different Metals, 

Let us fii’st consider the electrolysis of a salt of a compaiativi.'ly 
'' nol'i'^ ” metal, a metal which stands well above hydrogen in the 
Potential Series — copper, silvc'i* or gold, for instance. In such a 
case, the decomposition xoltage is low ; the application of a com- 
paratively small E.M.F. will serve to reduce the potential at the 
cathode below the electrode potential of the metal in question, and 
dischai’ge of the ions will commence, causing a deposit of the metal 
to form upon tin* cathode. Since tlu're is, as a ruh', no other reaction 
that (;an occur at tin' cathode, the current efficiency is usually 
extremely high. 

But now consider the deposition of a salt of jiickel, a metal which 
stands below hydrogen in the Potential Sc'ries. Here it is necessary 
to apply ail E.M.F. sufficient to depress the cathodic potential below 
- 0*2 volts, before the deposition is theoretically possible ; actually , 
in ordejj to obtain deposition at any appreciable speed, it must be 
depressed much lower, say to —0-5 volts. ^ At suck a value, 
however, there is a great likelihood that hydrogen evolution may 
also occur. If the nickel salt solution contains a strong acid, the 

^ See E. P. Schoch, Ainer. Chcin. J. 41 (1909), 221-227 ; especially curves 
on page 225. It sliould be noted that the values of the potentials referred 
to by Schoch are expressed on tiie so-called “absolute" sca^'y. 

M.O.— VOL. I. 
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cathodb becomes saturated with hydrogen at about 0-00 volts, and 
although, owii4- to overpoteniial, the evolucion of gas may not 
occur until the cathode potential i caches about —0*21 volts, it 
will be taking place freely at, say, — 0-5 volts. Hence the de- 
positjoi. iiickel from a strongly acid solution is always a very 
inefficient op?ration ; nuch of the current which passes is used for 
the evolution of hydrogen, and not for the production of metallic 
nickel. 

If the nickel salt solution is neutral, the hydrogen evolution 
is largely prevented. The equilibrium potential 

H 2 I Neutral solution 

is ()*406 volts, and, owing to overpotential, hydrogeii is unlikely 
to he (‘volved until the cathodic potential is depressed to about 
— 0-6 volts, a value more negative than that required for the deposi- 
tion of nickel ; the current efficiency is therefore much greater 
when we use a neutral bath.’ However, as will be explained later 
on, a neutral bath usually gives an incoherent deposit of metal, 
owing to the co-deposition of hydroxides. If a good deposit is 
aimed at, a feeble acid — such as boric or acetic acid-' which yields 
a low hydrion concentration— is employed. Although this actually 
allows the production of a certain amount of hydrogen, the current 
efljjcienqy of th(i process is usually fairly high (70-80 per cent.). 

As we pass down the Potential Series, the efficient deposition 
of metals become.s— on the whole — more and more difficult. There 
is a remarkable exception, however, in the case of zinc which can 
be dey)osited at nearly 100 ])er cent, efficiency from pure solutions, 
even when they contain a small concentration of a weak acid. 
This fact is due to the remarkably high value for the over- 
potential of hydrogen-evolution upon a smooth zinc surface. So 
long as the zinc deposit remains smooth and free from impurities, 
hydrogen-evolution does not tak(' ydacc at the potential needed for 
the slow' deposition of zinc ; but, should the surface become rough 
or spongy, or should traces of medals of low overpotential (siM?h as 
copper or iron) get into the hath, and be deposited along with the 
zinc, hydrogen-evolution at once stkrts and the current efficiency 
drops ; or again, if the current density is made too hi^h, 'causing 
the cathodic potential to sink much below — 0-770 volts, t^igorous 
hydrogene-volution will occur, and the current efficiency will be 
low. 

Some of the.other metals in this part of the Potential Series are 

^ E. F. Korn and F. G. Fabian, Ehctrochem. Ind. 6 (1908), 365. See also 
L. H.^ammoiid, Trans. Arner. Ehctrochem. Sor. 30 (1910), 127 ; R. Riedel, 
7eitsch. Mfktrochem. 21 (1915), 5. 
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very difficult Jo deposit from aqueouff spluticu. Th#^ efficient 
deposition cf manganese, I for instance* requir-’S careful coritrol^ 
of the current: density ; the current eruciency is greatly reduced on 
adding a small amount of acid to the solution, if HrJ-e amounts 
are added, it sinks to zero. The deposition ^rom aqueWs ifolutioii 
of the metals below manganese — aiuminiSm, magnesium, sodium, 
potassium and tlie others— is ju’actically impossible. iThe electro- 
lysis of a solution of sodium chloride, for instanct j only gives ri'^e 
to hydrogen at the cathode, around which the solution- if neutral 
at the start — soon becomes alkaline. Nor is the absence of a 
metallic deposit remarkable ; even if a film of sodium were momen- 
t/arily formed, it would at once react with water producing hydrogen 
and sodium hydroxide. When, however, a cathode consisting of 
mercury is used in the (‘It^ctrolysis of a sodium chloride solution, 
an am^llgarn— that is, a solution of sodium in meremy— is produced. 
The formation of the amalgam <s possible, partly because a less 
negative potential is r(‘(|uired for the formation of dilute sodium 
amaigam than for the formation of pure sodium, and partly be aiifse 
the higli overpotent ial of mercurv is unfavourable to the evolution 
of hydrogen* gas. * 

A large number of metals occurring in Groups IVa, Va and VI.\ 
of the Periodic Table are also incapable of being dci)osited ek‘e- 
trolytically from the aqueous solutions of their salts, but iiere the 
reasun is somewhat dillerent The metals of these groups do not 
occur in aqueous solution, to any great extent, as cations ; the 
principle oxides of vanadium, tantalum, molybdenum and tungsten 
have an acidic character and the metal exists in the anion ; even 
where lower oxides of a basic character are known, the metal 
generally (‘xists rather as a com|)lex catioji, such as [VO]" than as 
a simple cation V" ; similar complex cations, such as |ZrO]", 
appear to exist in metals of Group JVa. It is not surprising to 
rind that the eleedrolysis of such solutions produces nothing cxce])t 
lower oxides and hydioxides upon the cathode. 

The normal electrode potentials of most of these metals are noi 
known with any certainty (most of the determinations given iu 
electrochemical literature are based upon assumptions, which, a 
the opinion of the present writer, are unjustified). But it is very 
likely tliat many of these metals stand on the '*nobfe ” side of 
zinc in the Potential Series, and that the practical difficulty in 
carrying out the electrolytic deposition is due only to the difficulty 
in finding a solution which will contain anything approaching nor- 
mal — or, indeed, even milli-normal — concentration of metallic ions. 

^ 0. D. von Arsdale ainl C. C. Maier, Trans. Amp,r. Electroch^::i. 33 

(1918), 109. • 
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Co-depDsitioi]^ of px^Ides or^ Hydroxides^ Ij^pongy or In- 
coherent'Peposi\s''.« It Kas been stated above that metal deposited 
from a neutral 'soUition is ushally of an incolierout spongy character. 
The reason for ti^s can be explained at once. If from a neutral 
solutioli, auy ^eneration^of hydrogen occurs, the withdrawal of the 
Iiydrion at the cathode necesssarily leaves an excess of hydroxyl 
at the boiKidary of the cathode itself ; in other words, there is 
an alkaline filmi, along the surface of the electrode. As a result, 
hydroxide (or perhaps oxide) is liable to be precipitated at this 
point, and the ])recipitat(‘ will get caught between the growing 
crystals of the metal ; Ihe deposit will not consist of metal alone, 
but metal mixed with hydroxide, and this will probably lie 
obvious to the observer by the dark colour, dull ajipearanee, and 
loose incoherent spongy eharaebu*. 

It has long been known that the formation of a ‘‘ «p<>ngy 
deposit often follows hard upoif the evolution of hydrogen, and 
early observers often attributed the sponginess to the disintegrating 
actia.i of the hydrogen bubbles. Actually the gas-evolut’ an - 
as such — may help to make the deposition uneven, but the main 
cause of sponginess is certainly the slight alkalinity which is a 
necessary consequence; of hydrogen-production in a pn^viously 
it^eutral solution.^ 

In fadt, by varying the conditions under which the electrolysis 
of a solution of a salt of iron, nickel, (;obalt, zinc, cadmium oi* 
manganese is carried out, it is po.ssible to obtain — at will — (‘ither 
the deposition of th<‘ metal, or the deposition of the hydroxide.'^ 
If the solution is concentrated and distinctly acid, the metal is 
deposited ; if the solution is dilute and neutral, the de])osit consists 
mainly of hydroxide. 

The reason why a dilute solution is favourable to the formation 
of hydr(jxi(lc is very simple. If the su])p]y of metallic ions at the 
cathode surfaces becomes exhausted, ordy one reaction can occur 
there, namely, the evolution of hydrogen ; the solution thus 
becomes alkaline and precipitation of hydroxide follows. ‘Evi- 
dently, the more concentrated the ^solution, the less likely is the 
layer next to the cathode to become exhausted of metallic ions. 

Clearly the rate of deposition -that is to say, the curreht density 
— will havj an* important influence in determining whet*fier ex- 
haustion of metallic ions can occur or not. An unduly high current 
density will often lead to spongy deposits. If, however, the solution 
is vigorously sfirred during deposition, the exhaustion round the 

^ W. D. Bancroft, J. Phya. Chern. 9 (1905), 277. 

J.‘ H. ^Paterson, Proc. IJnIv. Durham Phil. Soc. 4 (1912), 187 ; abstract, 
J, Chem. kSoc. 104 (1913), ii. 100. 
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cathode can he p ’evented overeat qufte Jngfi currenWensities. 
Therefore, from an agitated olution, dep?)sitinfi r an be cphductid—v 
without feai'*of sponginess- at a much higher current density than 
in an unstirred bath. • 

The matter can be summarized in a few* words. If* a Coherent 
deposit of metal— free from sponginess -is desirt'd, the concen- 
tration of metallic salt should be kept high, th(^ solution shoukl be 
kept well stirred, the current density shonhi not #)e excessive, and 
the solution should Ik* kept distirudly acid. 

Jf the use of an ackl solution is not. desired on account of the 
danger of low current ellicieney, some other addition may be made 
Avhich will avert the danger of eo-deposition of hydroxides. If 
the metal has a distinctly amphoteric charactei- — as in the eas(‘ of 
tin- fi good de])osit (‘an often be obtained from a distinctly alkaline 
bath. In such instance, it is only the neutral solutions which are 
objectionable ; baths distinctly *acid or distinctly alkaline usually 
give de])()sits fre(‘ ironi spongiiu'ss. Many of the other additions 
whiWi are (iommonly made to deposition batfis — tartrates, ox dates, 
amtnonia iyid ammonium salts are substances which act as 
solvents for oxide. One reason- although not the only reason- * 
why (‘lean deposits are usually obtained from baths containing 
])otassium cyanide is that any hydroxide deposited w'ould at once 
be (lissolved by the (tyanide solution. 

On the other haiul, the salts of weak organic acids — such as 
acetates- are to be avoided in the production of an electrolytic 
deposit; for such salts favour hydrolysis and the conserpient 
eo-preeipitation of hydroxide. 

The effecd of the temperature of the hath upon tfie eliaractei’ 
ot tlu‘ d('})osit is twofold. In th(‘ tirst ])lace, a. high lemperatur(‘ 
increases the rate of diffusion, and th(‘r(‘foi(‘ is likely to diininish 
th(‘. danger of (‘xhaiistion n('ar the (‘athode ; from this point of view, 
a high temperature is fav(uirable to llie eoherence of the deposit. 
Or the other hand, the overpotential of hydrogen evolution greatly 
diminishes as the temperature rises, and in majiy cases deposition 
from a warm bath involves an undue evolution of hydrogen. This 
second elfe(*t is often the most important and a rise of ternperalare 
is, on* the whole, unfavourable to the charactcT of the deposit. 
Metals like zinc, the successful deposition of which dep<*nds entirely 
on the high over])otential of hydrogen, should always be deposited 
from a cool bath. 

• 

Conditions for compact Deposits. We have just considered 
the conditions which must be observed if the v:o-deposition of 
hydroxide- with consequent sponginess of the metal— is* to be 
avoided. But even if theSe conditions are successfully maintained, 
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metallic dep^^sit, thdijgh quji^je froe from hydroxide or other 
weakening, impunAii?.^, maJy ncverthelifsg often have an incoherent 
character. It i^ necessary, therefore, to consider the Way in which 
the atomj< oh^netal array themselves upon the cathode. 

The Viry^alljzation ‘'o^ copper from a normal copper sulphate 
solution upon an electrode the potential of which is depressed 
l^elaw + 0*£29 volts (the equilibrium value) is really very closely 
aiifilogous to tin cr 3 ^stallization from molten copper at the sides 
of a steel mould, the temperature of which is kept lielow the 
melting-point of copjier ; as a matter of fact the structure produced 
in the two cases has many features in common. At the electrode 
surface, crystallization commences at cer-tain points and the minute 
crystals produced act as nuclei for further growth ; there is only 
one direction in which the crystallites starting from the various 
nuclei can grow indefinitely without interfering with one another, 
and that direction is perpendicular to the electrode. As a result, 
the structure of tlie copper deposited consists of long finger-like 
crystAhites perpcmdicular to the electrode surface. ^ The nu/nber 
of nuclei formed will depend largely on the extent tp which the 
" potential departs from the equilibrium value. At low current 
density- whicli iiivoha's only a small departure from the equili- 
brium potential- comparatively few nuclei are produced, whilst, 
at high chrrent density, where the potential is very different from 
the equilibrium value, the nuclei are crowded close together on the 
electrode surface. ^ It follows that, at a low current density, the 
crystallites arc comparatively broad, as shown in Fig. 84 a, whilst 
at high current density, the crystallites an^ narrower and the whole 
structure is much liner (Fig. S4){). In either case the size of the 
crystal-grains of the deposit is liner at the original surface of the 
cathode than further from it, presumably because some of the 
crystal -nuclei formed when deposition first commences are orien- 
tated in such a way t hat they do not grow quickly in the direction 
})erpendicular to the surfac(‘ ; the zone of comparatively siuall 
Crystals next to the original cathode surface is best seen in Fig. ?i4A. 

Yet another circumstance will teruj to make the rdructure of the 
deposit obtained at high current density finer than thjit pf the 
deposit produce^ at low current density ; at high current density, 
where the fleparture from equilibrium conditions is considerable, 
fresh nuclei will be formed continually as deposition occurs and the 
length of the crystals, is limited, whilst at low current density, the 

1 O. Faust, Zeitsch. Anorg. Chem. 78 (1912), 201 ; W. Bliun, H. D. Holler, 
and H. S. Rawdon, Trans. Amrr. Eleclrochem. Soc. 30 (1916), 151) ; M. von 
Schwartz, Int. Zeitsch. Met. 7 (1915), 124. 

,2 Compa«».T, especially, A. H. W. A ton and L. M. Borrlage, Rec. Trav. Chim. 
39 (1920), 720. 
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same crystals wiH c 
distance. 

Very important is the effect of current density ifpon the com- 
pactness and smoothness of the deposit ; the cotarse crystals ob- 
tained at low current density are not alwajsin close corftacl with 
one another, and tend to fall apart when the deposit is handled ; 
the surface is irregular and the deposit itself distinctly pordhs’. 
On the other hand, in metals ^ 

obtained at higli current den- 
sity, the different crystals adhere 
strongly one to the otfier ; the 
deposit is compact and usually 
non-porous : the surface is 

smootl^so that the crystalline 
character would not b(; sus- 
pected until a micro-section is* 
examined. Often the micro-sec- 
tions •reveal twin crystals, an 
indication o,f lateral pressure 
exerted by the growing crystal- 
lites on one another. And, 
whilst the structure of the deposit 
obtained at low current density 
scarcely changes on annealing, 
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(A) Current Density. 
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that obtained at high current 
density undergoes complete re- 
crystallization when annealed. 

This is yet another sign that 
the crystals of the fine-graim^d 
deposit press heavily against oik* 
another, sinci* recrystallization 
(ui annealing rarely occurs un- 
less the metal is in a state of 
stress. 

The porosity of the slowly p^'o- 
duced deposit is easy to under- 
stand ;* deposition only occurs at the most favourabjp points, namely 
at the tips of the finger-like crystals ; in the “ troughs” between 
them, which are further from the anode, deposition may perhaps 
not occur at all, and the different crystals .will not “ grow into 
contact.” On the other hand, at high current density, provided 
that the stirring is sufficiently vigorous to ensure a continuous 
supply of metallic salt in the “ troughs,” the potential is |uck that 
deposition occurs everywhere ; the V-shaped terminations of tffe 


High Current Density. 

Fic. 84. -lOloctrolytit; Doposits 
Prodaced at (^4) Low Current 
Density, (B) Fairly Higli Cur- 
rent Density. 
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crystals %row s^leways 'as well fas forwards, ^iid'^good cohesion is 
olHained.- between *’ the ‘different grfins. But the “proviso” is 
rather importhiitt As long as the stirring is sulficieitt, any increase 
of current 'density makes the deposit finer, smoother and more 
coherent” But if tlR> ptirring is insufficient, there are limitations 
to the current density that can profitably be employed ; beyond 
, a ^?ertain limiting current density, any further increase makes the 
g,rain coarse agVoin, the surface rough and the deposit non-compact. 
Undoubtedly, this irregularity of growth is due to local variation 
of concentration, and the value of the limiting current density 
can be raised by increasing tlie concentration of the bath, or, alter- 
natively, by increasing the rate of stirring,^ 

It is evident, therefore, that, in order to obtain a siiiooth, coherent, 
non-porous deposit, the current density must be inaintaine^i within 
certain limits ; it must not be too high, or the deposit will be 
irregular, and ])ossibiy spongy, owing to the co-deposition of 
hydroxides ; it must not be too l()w^ or tlu^ metal will be coarsely 
crystalline, incoherent and porous, 'the limits ar(' often luVrrow, 
but l)eeom(^ less narrow if the bath is kept well stored, and the 
concentration of the metallic salt is high. 

It is most im])ortant that th(^ conditions should l)e correct 
throughout the whole process ; for, if at any point roughness 
should sbt in, it is unlikady that any degr(‘e of subscquejit care will 
eliminate it. On the contrary, the roughness Avill increase. Any 
excrescences, however small, will (;onstitute more favourable 
places for deposition than the depressioiis t hat lie betw^ecn them ; 
for firstly, they will receive more rapid replenishment of metallic 
salts from the l)ody of the solution ; secondly, they are nearer to 
the anode and the current density will be greater than elsewhere. 
As deposition proceeds, therefore, the excrescences become greater 
and greater, and cause the phenomenon known as “ treeing ” ; it 
is, of course, closely connected to the production of dendritic 
growths in the crystallization from the molten state. Treeing 
occurs more in soft metals (lead, tin, cadmium, and thallium) than 
in hard ones.- 

if only a thin deposit is aimed at, it is not particularly (hhicult 
to ensure that it is compact and uniform. But, since anyr-rough- 
ness — how(?ver small it may be at first — almost invariably increases 
as deposition continues, the production of thick deposits of a co- 
herent character is ^less easy. There is a special tendency for 
“ beards ” or excrescences to grow at the sharp corners of the 

^ A. kSioverts and W. Wippolmann, Zeitsch. Atiorg. Chem. 91 (1915), 1 ; 
Vi E. J. Phys. (Jhtm. 25 (1921). 495, cspooially p. 502. 

* A. Betts, Trans. Amer. E\ectrochem. Soc\ 8 (1905), 80. 
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electrodes - a U^ixler 'y which can Readily t)c.iincrerstood.'» In the . 
electro-refining of metals, itr ’s usually pd^sibk^,’ by obsci-ving tlie 
conditions outlined above, to obtain a thick deposit sufficiently 
coherent to hang together until the process is ove5,*after ujiich the 
deposit is washed and melted down for u.^e.* It woul(lV)f bourse 
save much fuel and much labour if the metal could be deposited 
directly in the form in which it is to be used. Supposing, ^or^ 
instance, copper is being deposited with a view to tihc manufacture 
of tubes, it might be thought possible to produce a thick deposit 
of copper upon the outside of a steel rod, and afterwards to slip 
the deposit off the rod ; in such a way a thin seamless tube of 
refined copper woukl be produced without melting or mechanical 
treatment. It is found, however, that unless special precautions 
are taken- cop jier tubes ])roduced in this way are too porous and 
incoherent to stand much pressure. Much ingenuity has been 
brought to bear upon the problem*of obtaining a thoroughly com- 
pact deposit of CO]) per by an electrolytic process. Methods have 
been >Vorked out in which tlic copper d(‘|.)osit is hammered, rolled 
or burnished (■oiitimiously, during the electrolytic process, so that 
any excrescence that occurs at any j)oint is at once flattened out 
whilst it is very small ; in one method the surface is continuously 
bombarded l)y small glass balls throughout the deposition. Many 
of th<'se [U’oc.csses have been used on a large scale, from time to 
time, m different parts of the world, but it is doubtful whether all 
the difliculties have been fully overcome.- 

Adhesion of the Deposit, it is lucessary to distinguish 
between the cohesion of the various crystals of th(‘ deposit, and the 
adhesion of the de])osit to the tmderlying metal forming the cathode, 
which in general will not be composed of the m(‘tal that is being 
deposited. The fpiestion of adhesion is of (considerable impoi’tanc(‘, 
especially to the electro-])later. 

The adlu'sion of the deposit to f h(‘ cathodic is capable of (juan- 
titatiye investigation. After deposition is finished, a small round 
(copper block can be soldered to the face of th(' de])Osit and the force 
required to tear away the bhx k (and Avitli it the deposited film) 

^ Somi iiiloro.sl iiig (lo.sofijil iun.s of tlio oxn^wonc-os — particularly (hoso 
on tho edge of Ihe cathode — illustrated hy good photo^ra])hs, are 
given by G. K. Burgess and G, Hambueclien, KUctrochvm. Jnd. 1 (1003), 
204. 

^ Many of the older processes are ileseribed, by W. Pfauhauser, 
“Manufacture of ]\Ietallie Articles Elect roly tically. j'iloctro-engraving ; 
translation by .1. W. Richards (Choiuical Publishing Go.). Chapter Xlll. 
Tho microstructiiro of the deposits obtained by tliis sort of ])roe<‘ss is 
described by A. Sievorts and W. Wip|)elinanii. Zritsvh. A)torg. Chv:n. 93 
(1915), 287.' • 
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from th%, surfacg of metal IJ^Jow, can theij, be •measured experi- 
mi*ntally,^ 

It is found '^hat a deposit adheres better to a rough surface than 
to a smpbtih^ oi'i^, as is to be expected. It is also found that a 
deposit adheres better jto a soft cathode-metal than to a hard one ; 
nickel adheres to lead better than to steel. Metals which' alloy 
together adhere better than those which do not ; evidently in many 
cases a layer af alloy forms an intermediate zone connecting the 
two metals together ; thus nickel adheres better to copper than to 
lead.2 

Absolute cleanliness of the eatfiode surface is essential if an 
adherent deposit is to be obtained, and special precautions are 
taken by electro-platers to remove the film of grease and of oxide 
which generally exists on all metals.^ Usually the first ^pleaning 
is largely mechanical, the surface being scoured with wire-brushes 
to remove the scale. The grcas(?, is removed by treatment with hot 
alkaline solution, or occasionally with benzene or petroleum, and 
tTne •.closely-adhercnt film of oxide by “pickling” in ac?d. A 
process of cathodic cleansing has also given good ^ results ; the 
article to be cleansed is made the cathode in a bath contaiiiing acid 
or sodium chloride ; the hydrogen bubbles produced on the surface 
Joosen the adherent impurities, and apparently also bring about 
a themital reduction of the oxide present.'* When sodium chloride 
is used, the layer of alkali which is produced all over the surface of 
the cathode exerts a powerful influence in dissolving the grease. 
Anodic cleansing has also been recommended, as a substitute for 
acid pickling or cathodic cleansing in cases (like the plating of 
spring steel wke) where the presence of hydrogen would render 
the metal brittle.^ 

In some metals- notably aluminium the oxide-film is almost 
impossible to remove, and the electro-plating of such materials 
presents great difficulty.® 

Another cause of the non-adhesion of a deposit is the tension 
of the deposited film. Nickel — especially if deposited from an 
acid bath- — often shows a tendenc}j to come peeling off in a tight 

^ M. tSchlottcr, Cliern. Zeit. 38 (1914), 289. 

2 K. KalJonbiit’g, Electrochetn. Ind. 1 (1903), 201. 

® See G. L'angbein, " Complete Treatise on the Electrodepoaition of Metals ” ; 
translation by N. T. Brarmt (Baird). Cha|)ter V. Also W. PfEinhaiiser, " Die 
Electrolytischen Metall-niedorachlago ” (Springer), 1910 edition, pp. 240-282. 

M, de K. Themp.sofi, and O. L. Mahlnmn, Trans. Amer. Electrochem. Soc. 
31 (1917), 181. 

* J. Coulson, Trans. Amer. Electrochem. Soc, 32 (1917), 237. 

• W. Pfanhausor, “ Dio Electrolytischen Metall-niederschlage ” (Springer), 
1^910 ^ditifin, p. 619. See also the section on Aluminium in Vol. II of this 
book. 
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roll. The natural* ter sion in an el^ctrolytifcaljy produced | nickel 
film has been demonstrated by depositing •nickoT m one, side oi 
a straight steel ruler ; after the plating-process the rrfler is found 
to be distinctly curved, the plated side being concay©.^ * 

The tension of the deposited film is observed most re Aclily in 
those ihetals — such as iron, nickel, and platinum — which dissolve 
hydrogen.- No doubt the deposited metals at the mc^nent ci 
production are supersaturated with the gas and are iii a compara- 
tively voluminous form ; presumably the excess of Jiydrogen is 
afterwards given up and the nickel left liehind tends to contract. 
Iron and nickel adhen^ better to the catliodc'. if the plating is con- 
ducted from a hot solution. It has been shown that the amount 
of hydrogen taken up by the deposit is smallei’ at tlie high tem- 
perature. 

The presence of hyilrogen in electrolytic nickel and iron causes 
I'onsidc^rable brittleiu^ss in them, ahd this fact is no doubt re- 
sponsible for the cracking of the deposit which must precede the 
peeling.* The brittleness is only temporary ; after the hydrogen ‘ 
is removed by annealing, electrodeposited iron becomes soft and 
malleable. 

A very remarkable ease of tension in a deposited metal is ohat of 
antimony deposited from a chloride bath containing free acid ; the 
tension is so great that the deposit breaks with a cracking Suand, i? 
struck ov locally heated. Such a deposit is known as “ explosive 
antimony ’ ; it contains antimony chloride, apparently as an 
(‘ssential constituent, the chloride being lil)eratcd when the deposit 
“ explodes.’' 

It has been stated above that, in electi‘o-j)lating, the adhenaice 
of the him is {ill-important, and that drastii; mciisiues are taken 
to remove the hlms of grease or oxide from the {irticle to be platerl. 
It is rather interesting to note that, where it is desired ultimately 
to remove the deposit from the cathod(‘- <is, for instance, in the. 
})roduction of copper tubes referred to above it is necessary, before 
the electrolysis commences, to produce artilicially upon the cathode 
a him of grease, o»ide or sulpliide, which prevents the deposit from 
adhej’ing top strongly, and assists the subsequent removal. In* 
certain c§ses the cathode is treated with a special wash containing 
flaky graphite, which facilitates stripping. 


^ G. G. Slonoy, Proc. Hoy. Hoc. 82 [A| (1909), 172. • Coiiiy.aro G. yVliverti, 
Atli. Accad. Lined 29 (1920), 4.'».‘1. 

“ Two slightly different interpretations of the fachs are given respectively 
by R. Riedel, Zeitsch. Elektrochem. 22 (1916), 2S1, and by V. Kohlschiittor and 
E. Vuilleumier, Zeitsch. Elektrochem. 24 (1918), .‘100, 8eo also V. Kohischfttterj^ 
and 11. fSchOdl, Hdv. Chim. ActB, 5 (1922). 490. 
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Dei>:)sition irom 'Solutions of Compl/^x 8alts. In electro- 
,)Jating a thii^ deposi'o of extraorjliiiary smoothness is demanded. 
In order td' obtain tJie' necessary smoothness, the grain- size ” 
of the (iGposi'c„must be made far smaller than anything required 
in (A'diAary electron-refining. To reduce the grain-size, it is neces- 
sary to cause considerable departure from the equilibriunl poten- 
tial. Oite way to obtain this would be to work at very high current 
density, but ^or work at high current densities very rapid stirring 
is needed ; very bright ami smooth deposits of co})])er, of a grain- 
size so small that they are ]>ractically amorphous, can be obtained 
from a violently agitated sulphate solution when high current 
densities are employed. In actual practic(\ however, it is usually 
i?iconvenient to stir the solution so violently, and it is preferable 
to us(‘ a bath when* high cathodi(; polarization occurs at quite low 
current densitu's. 

It has been stated in th(‘ Ibst chaptt^r that polarization occurs 
much more freely in solutions of salts containing tlie metal as a 
cownplex anion than from solutions of normal salts suclf as sul- 
phates. It is not surprising, therefore, to find that smooth deposits 
— so very fine as to be apparently struct ureless ar(‘ obtained from 
baths containing (a)mplex salts, even at fairly low current densities, 
such as do not involve undue agitation. The smoothest deposits 
bf sih*er arc obtained froni cyanide solutions, in which the rare 
metal exists almost entirely in the complex anions. The rapid 
alteration of the cathodic potential with tin* cmrent density in such 
solutions is no doubt as explained in the last chapter— due to the 
paucity of silver ions : but, since Iherc is always a certain small 
concentration of these ions in equilil)rii]in with complex anions, 

K- + :AgCNr - + Ag- -f 2(’N'. 

com])lete exhaustion of silver ions at tli(^ cathode* surface ne\er 
occurs. As quickly as the silver ions arc used up, fresh ones are* 
formed from the complex [AgCN |'. The use e)f a complex ;salt is 
really a device for keeping the ion-concentration low, without 
running any risk of complete exJ^austion.^ 

The eleposition of gold is also conducted from cyanide solutions, 
whilst good deposits of tin arc obtained by the use of, solutions 
containing complex e>xalates or tartrates. The use of complex 
oxalates has proved very successful in electro-analysis for the 
deposition of zinc, nickel, tin, and iron, whilst complex tartrates 
are employed' for the deposition of bismuth. 

Although, owing to the line structure, deposits obtained from 

1 NeoJiV. I). Haricroft, J. rinjs. Chem, 12 (1908), IJO ; W. Blmn, Tran,s. 
\lnirr. Elcctroclu’in, Eoc. 36 (1919), 229.* 

I 
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cyanide or other gomplex baths are often Joosely referred *to as 
“ amorphous,” it is fairly certnin tha1?they a¥e rea^y of a cryltallin^ 
character, essentially like that of ueposits from other l)ajhs, although 
it may require a high-power microsco])e to reveal’ +,he individual 
grains.' 

The <smploymejit of complex salts in plating* became cjinmon long 
before the cause of their action was understood. It is indeecj, 
quite likely that the* well-known merits of cyanide and other com- 
plex baths depends partly on other factors in addition to those Justf 
discussed, (\yanides, tartrat(\s and oxalates as was pointed out 
early in the chapter —are all good solvents for hydroxides, and 
would therefore tend to prevent co-deposition of hydroxide', which 
might lead to sponginess. Yet anedher view ed the use of complex 
salts, and especially of (cyanides, is held by many chemists. It is 
considereei’' that the prirnaiy reaction in the elect re dysis of the 
complex e^yanide K|Ag((’N).^] coi'teists in the* elischarge' of the 
])e)tassium ions 

A Iv’ + € K. 

A dc'posit ed metallic potassium canned,, of ce)urse, be ])roduced, but 
it is very likely that a thin layer ed an alloy of potassium with the 
cathode metal may be feuaned right over the surface of tlu' electrode. 
The potassium then reacts with the complex salts, thus : — 

K -f KAg(CN), - Ag 2K0N. 

Metallic silver is thert'forc produced by a secondary reaction, and 
the silver atoms will be formed, presumably, where the ])otassium 
ions were discharged a moment before. Such a (ionception seems 
to suggest an explanation for the close adlu'rencc' of tlie silver to 
the underlying metal, and for th(' fuu'-graim'd, and ap])arcntly 
amor})}ious, character (d the de])osit.- 

Colloid Addition Agents. It lias also been found that the 
addition of small amounts of certain substances — usually colloids 
to the deposition bath often benefits tlu^ chai'acter of the deposit. 
The presence of gelatine, for instance, in an acid copjier sulphate bath 
causes the copjier, deposit to be shiny, compact and less obviously 
crystalline. * , 

The prestmee of the colloid appears to have tw o distinct effects. 
In the first place, it renders the grain-size smaller. *111 tips respect 
the addition of colloids is similar to that of substances like cyanides 
and tartrates, which, owing to the formation of complex ions, tend 
to reduce the concentration of simple metallic Ions. The fact that 

^ W. E. Hughes, J. Phys. Chem. 25 (1921), 497. 

“ Compare R. S. Dean and M. Y. Chong, Mrt Chem. Eng. 19 (1918), ^3. 

* A. Sieverts and W. Wijjpelr^mnn, Z/dtsch. Anorg. Chtm. 91 (lidS), 32. ♦ 
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the addition o2 colloj.ds, likj the addition ojE cyanides, greatly 
increaiSes the ^^a^iodia polariiation, .suggests that the explanation 
based on th^e formation if completies, which has been accepted in 
the cascy (^)f cyanides, may be extended to the case of colloids.^ If 
the ig^i^»,tinV; particles in tlie copper sulphate solution are imagined 
to adsorb copper ioils, forming complexes — an occurrence' which, 
^•om our knowledge of colloid chemistry, is known to take place in 
acid solution-— the number of free simple cOpper cations present 
will be reduced; consequently the polarization corresponding to 
any given current density will increase, and the grain-size will 
accordingly diminish. 

The refinement of the grain caused by small additions of colloids 
is thus analogous to that caused by the addition of cyanides, tar- 
trates or similai' salts. The addition of colloids, liowever, appeal’s 
to have a second distinct action, since it tmtindy alters tl'ff! structure 
of tile de[)osit. Instead of consisting of thin linger-liki' crystallites 
growing at- right angles to the cathode surface, copper deposited in 
' thj presence of much gelatine or albumin has a scaly, la/ninatcal 
character, the lamination being roughly parallel to the surface of 
the cathode. The laminations are said ^ to consist of alternate 
layers of metallie copper and of the colloidal substance. 'iTat such 
a deposit should be more ‘‘ shiny ” than ordinary electrolytic 
f/jppecJs not dilHcult to understand. 

The cause of the lamination is extremely interesting. 'The fact 
that the structure of copper deposited from a bath containing 
gelatine is so essentially different from that obtained from a colloid- 
free hath makes it natural to suspect that the metal itself is — in the 
first case- deposited in the colloidal condition. There is no doubt 
that the g('latine is dc'positcd— in some sensC' along with the 
copper, for the copper deposit- weighs more when gelatine is present 
than when it is absent ; if the co])per deposit is heated in hydrogen, 
much of th(' excess weight di.sappears. Moreover, if the plating 
bath is alkaline instead of acid, the addition of gelatine has no 
effect ; in alkaline solution, it will be remembered, the gelatine 
particles iiave a negative charge, and migrate towards the anode, 
not towards the cathode. * 

If the view suggested above? is accepted, and we a'ssume that 
copp(?r io^s afe adsorbed by the particles of the organic colloid, 
forming complex colloid particles, we may suppose that the complex 
particles move towards the cathode by a process of cataphoresis 

1 N. Isgarischew, Roll. Chern. Beihtft, 14 (1921), 25. 

^ See, for instance, J. Loeb, Trans. Faraday Foe. 16 (1921), Appendix, 

p. 156. 

* ^ By (?.’ Grubo and V. Keuss, Zeitsch. Elei'trochem. 27 (1921), 48. 
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and press themselves upon iJhe electrode siyface. ' Here the 'copper 
ions gain electrons, and unite to tern par^iicles^of ’metalli^ copper 
dispersed in a layer of tht*stic.:y organi'^ colloid. Afj^erwS-rds by a 
secondary process, the metallic copper particles segregaj^G^together, 
and alternate layers of copper and gelatine are* foi/Uv^fJ.' irhcre 
appee^rs to be considerable evidence iJiat thfc deposit vs in a plastic 
state at the moment of formation, since if the bath is stir red duri^ig 
the process, the surface of the deposit is found to be covered with 
curious striations caused by the movement of^the liquid over tlib 
freshly deposited material.^ 

Whatever view is taken, the co-deposition of the colloid sub- 
stances with the metal — although making the structure liner, 
smoother and less porous- will inevitably have some effect upon the 
mechanical character ; this elTect is usually ujifavomable and, il 
too muckucolloid is present, the metal is distinctly brittle. Thus 
whilst small amounts of gelatine abided to copper suljdiate produce 
a good shining deposit, larger amounts cause the product to be 
darker^ and render it so brittle that it may peel off from the catl^ode 
on drying. Similar effects are noticed in the case of other metals, 
Not all colloids, however, are equall}^ detrimental, and for any given 
metal it is usually possible to find a colloid which improves the 
compactness of the deposit without seriously affecting the mechani- 
cal properties. The effect of a colloid addition also depends largely 
on the quantity added. 

In no rase is the effect of colloid ‘‘ addition agents ” so welcome 
as in the deposition of Icad.^ Few metals show a more marked 
tendency towards dendritic growth ; possibly owing to the slow 
diffusion of the heavy ions, deposition always occurs much more 
readily at the tips of the growing crystals than at other places ; 
indeed, the lead produced upon a cathode from any ordinary bath 
is scarcely worthy to be called a deposit at all, being nothing but n 
hopelessly porous, incoherent mass of dendritic crystals. Tin 
“ lead tree ” obtained wlicn a piece of zinc is suspended in lead 
acetfftiii solution gives a faff idea of the kind of coating ” oiu 
sometimes obtains in lead-deposition. 

'JTe difficulties of lead-deposition ar(‘. rather increased by tli€ 
fact that the sulphate and chloride — tlu^ salts generally employed 
in the dIposition of ordinary metals — are practically^ insc^uble. It 
is customary to use the silicifluoride or the perchlorate of lead foi 
the deposition of that metal. The addition of gelatine or glue tc 
the sQici fluoride bath containing excess of silitdfluoMc acid, or ol 

^ G. Grube and V. Rons!?, Zeitsch. Elektrochem. 27 (1921), 45. (Joinparf 
E. Mtlller and P. Balmtjo, Zeitsch. Elektrochem. 12 (1906), 317. « 

® H. Freundlich and J. Fi8cb|>r, Zeitsch. Elektrochem. 18 (1912)^ 886. 
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peptone to the perchlorate bath, gives a remarkable improvement 
to the ueposit, ^compact, fine-grained lead bemg obtained. 

Other Addition Agents. The-j-ldition of carbon disulphide to 
tli.e silvoi^-platipg bath may here be mentioned ; the presence of a 
small^q j^ntiby of this substance in the solution in the final stages 
of plating causes the jlatiug to he remarkably bright. The^ction 
is^probably similar to that of the colloids ; the “ bright silver ” 
produced is said to contain sulphur. 

The presence of aluminium sulphate in a solution of zinc sulphate 
causes an improvement in the character of the metallic zinc 
deposited. Possibly colloidal aluminium hydroxide - produced by 
the hydrolysis of the aluminium salt — is the cause (d’ this im- 
provement.^ 

There are numerous cases where special addition agents pioduce 
a beneficial effect on the deposition of some particular im^^l ; often 
the reason is uncertain. Iron, fpr instance, is stated to be deposited 
in a specially coherent form from a. cr(^sol-sul})honate bath.^ '^Llio 
addition of nitric acid to the copper sulphate bath used ^ in the 
deposition of copper undoubtedly brightens up the coating pro- 
duced, although probably the current elhcicnciy drops. The 
function of nitric acid is said to be that of an o.vidizing depolarizer 
which prevents the evolution of hydrogen in bubbles.^ It may bo 
i,pentio^ed here that, for the deposition of easily oxidized metals, 
like zinc, the pre.sence of nitric acid -or even of a nitrate -is fatal. 

Deposition of Alloys.-* Of considerable interest is the question 
of the simultaneous deposition of two metals on the cathode to 
form an alloy. An instructive example is afforded l)y the problem 
of the electrolytic deposition of brass. If a solution containing 
both zinc sulphate and copper sulphate is electrolysed, only the 
copper is deposited at the cathode. '^Phis is not extraordinary if the 
interval between the normal electrode potentials is considered : — 

Oil I CuSO,! + 0*329 volts 
and Zn | ZnSO^ —0*770 volts. 

It is true that, when current is passing, the potential of the electrode 
Cu I CUSO 4 is depressed slightly, but it is hopeless to expect that — 
whilst any appreciable amount of co})per sulphate remains in the 
solution -‘ the potential will become sufficiently negative for the 
deposition of zinc. 

1 See W. D. Bancroft, Trans. Amer. Mectrochem. Soc. 21 (1915), 233. 

2 S. O, Cowper-Coles, English Patent, 10,307, May 3, 1907. 

* According to A. Classen, “ Quantitative Analysis by Electrolysis ; 
translation by W. T. Ball (Chapman and Hall), p. 100. 

* See Clso W. H. Croutzfeldt, Zeitsch. ^^lorg. Cheni. 121 (1921), 25. 
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If, however, we* tahe a bath con^iihng tSie 'complex cyf|iides of 
tlie two metals and comiva.i't'^ the poteritiafs * ^ 

\ Si? ,=• i- I6.f volt.,; 

I KCJN (1 gram ccpiiv. per litre) * ^ 

Zn(CN)2(i\, gram-equi\. per jfttre) _ \ 

KCN (1 gram-equiv. per litre) 


and 


Cu 


Zn 


we see that the potentials of the two nu‘tals are closc^i^ogether, By 
electrolysing a cyanide bath containing both Tnetals, therefore, it 
is possible to effect simultaneous deposition, and a layer of yellow 
bi'ass is obtained on the cathode A 

Similarly, by the electrolysis of an alkaline cyanide bath con- 
taining copper and tin, deposits of bronze can be obtained ; instead 
of a cyanide bath, a solution containing complex tartrate's may be 
used.- ^ 

Not infrequently, the potential required for the deposition of an 
alloy is less negative' than that ne'cded for the deposition of the 
more ft^active ceenstituent. Metallic se)dium, for instance, cannot 
1)0 deposited at any potential obtainable in aqueous solution, but 
a sodium amalgam is nejt elinicult to produce' when a mercury 
cathode is employed in the e'lectrolysis of a soelium salt solutioji. 
This a])parent discrepajicy - which lias alreaely be*en referred to— 
is eas'" to explain. There is a great evolution e)f lu'at-energy when 
metallic sodium is added to mercury, and it is not surprising, there- 
fore, that the energy required for the production of sodium amalgam 
should be less than that needed for the jiroduction of sodium itself. 

Similarly, metallic magnesium cannot be prepared from acpieous 
solutions, but iron-magnesium alloys have been obtained by the 
electrolysis of a solution containing magnesium chloride and iron 
sulphate. These alloys, altliough invariably contaminated with 
oxide, seem to contain solid solutions of iron and magnesium ; they 
are often pyrophoric.^ 

Tltf' proportions in which the two metals are deposited are 
sometimes rather surprising. A bath containing zinc and nickel 
sulphates in nearly e([ual jiropo’jtions givi's an alloy containing far 
more zin^j yian nickel‘d; in view of the relative positions of tlie two 
metals 141 the Botential ISeries, one would have exjjected that the 
deposition o^iickel would proceed mori' readily than thSt of zinc. 


^ F. Spitzer, Zeitsch. Ehktrochein. 11 (1905), ,*^{45 ; S. Field, Trans. Faraday 
Soc. 5 (1909), 172 ; A. L. Ferguson and E. (1. Stutdevan,;, Trans. Amer. 
Electrochem. kloc. 38 (1920), 107. 

“ R. Kromanii, C. T. Suchy, .1. Lorber and K. Mnas, MonaUh. 35 (1914), 219. 
® R. Kreniann and J. Lorbor, Monatsh. 35 (1914), 003. 

* E. P. Schoch and A. Hirsch, .7. A7ner. Chem. Soc. 29 (1907), >14. * 
also G. Grube, Trans. Faraday ffoc. 9 (1914), JlO. 

M.O. — VOL. I. B B 
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Appification of Electro,' deposition ,.to ■ Analysis. The 
ieposition of il.e'ual upon a weighed cathode often constitutes an 
elegant jnetLod for the analytical estimation of a' metal. At the 
presenj tj'nie, the method is applied most often to the analysis of 
copper bres.^ but if fo^ms a very convenient analytical process for 
otlier metals also. 

In a .<-imple form of electro-analytical apparatus, the cathode 
consists of a '.weighed cylinder of platinum gauze, the anode being 
a spiral of stout ' platinum wire suspended within the cylinder 
(Fig. 85). T’he liquid from which the metal is to be precipitated is 
contained in a beaker ju.st large enough to contain the cathode ; 
the two electrodes are joined through a variable resistance and an 
ammeter to a |)air of accumulators ; a voltmeter can be joined in 




Krc, 80. — ('lasHen’s Apparatus. 


parallel with the l•loetrolytie cell, to show the total E.M.F. applied 
to the latter. 

^ Jn another form of apparatus (Fig. 80), a weighed platinum dish, 
( ', having an interior surface which lias been roughened by means 
of a sand-blast, constitutes the cathodic ; the lupiid containing the 
metal to be (‘stiniated is placed in the dish ; the anode A consists 
of a flat perforated disc of platinum furnished with a vertical stem 
clamped so that the disc itself is just below the surface of the liquid. 
The dish is covered with a watch-glass B, pierced in the centre to 
admit the stem of the anode. This is known as Classen’s {apparatus. 

In thc^simplest forms of electro- analytical apparatus there is no 
stirring at all except that provided by the oxygen evolved at the 
anode ; the deposition is therefore rather slow, occupying several 
hours, and the deposit is not so compact as might bo desired. If, 
however, the confect current density and bath-composition is 
employed, a sufficiently good deposit of any of the ordinary metals 
can be obtained ; when the deposition is complete (which may be 



DEPO*SITI|)N OF VbTAL ON THE CATHODE. 371 

^ • 

ascertained by tes^ng^ drop oi rne ijquid fc®* tbe metal in q'(festion) 
the cathode may be washe<J, first with watef and Tiien with. alcohol, 
dried in a walK^r-oven and re-weighed/ The inoreiise of weight 
naturally represents the metal deposited. # * ^ 

In order to hasten the process, various devitfes have be5n nitro- 
duced‘for stirring the solution. Jf the electrodes consist of two 
concentric gauze cathodes, one inside the other, it is possible fo 
arrange for the anode to rotate with considerable veh^aty by meariii 
of a small motor ; an apparatus on this principft^ lias been designed 
liy 8and.^ An alternative arrangement — which is due to Fischer - 

involves the use of two stationary cylindrical gauze electrodes, 

one inside the other, and an independent glass stirrer, which rotates 
rapidly within the inner electrode. In one form of tiie Classen 
apparatus it is possible to (^ause the disc anod(‘ to nnolvc* during 
the deposifion. 

Kither of these forms of apparatift allow the completi? deposition 
of the metal in 10-30 niinutes, and naturally yield a far more 
coherent deposit than is obtained without nuadianical stirriOg. 
(yV)pper — for instance — comes down from a sulphate solution con- 
taining nitric acid as a compact and glittering coat instead of a dull 
rc-ddish porous deposit. Bismuth, a metal which can scarcely bo 
estimated at all with an unstirred solution, on account of the non- 
coherent character of the deposit produced, can be made to give a 
c[uite salisfactory weighable deposit when the liquid is kept in 
motion. 

Whether the deposition is conducted from a stirred or unstiiTed 
bath, care must be taken to secure conditions of working which 
ensure complete deposition of pure metal, in an adherent form which 
can be readily washed, dried and weighed. The exact instructions 
laid down in the practical handbooks should Ix) rigidly followed.’’ 
In many cases, it is advisable to work from a bath ei^ntaining the 
metal as a complex salt. Fh(5 following table shows the chemical 
nature of the solutions from which the complete elect I’o-deposition 
of different metals can )>e conveniently conducted : 

Silver ^ 

Merctiry ISulphate solution containing free nitri(^ acid. 

Copper J 

Bismuth Complex tartrate solution. 

1 H. J. S. Sand, Trans. Chem. Sor. 91 (1907), 373 ; <93 (1998), 1572. 

2 A. Fischer, Zeitsch. Elektrochem. 13 (1907), 409. 

® For the processes using unstirred liquid, see A. Classen, “ Quantitative 
Analysis by Electrolysis " ; translation by W. T. Hall (Chapman and Hall). 
For the rapid processes see A. Fischer, “ Electroanalytische Schnellmetiioden 
(Enke). • 
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^Antimony 
Till V. 
I^ickc^ 
JrpV 

>.iiic 


'Soiiition qhntaining sulphides and cyanides. 


[-Complex oxalate solution. 


Eut, in Oivery case, there arc several alternative methods ; zinc, for 
instance, has-been successfully determined froip a solution of a 
zincate containing'.free sodium hydroxide. 

When only one metal is present in the solution, electro-analysis 
presents little difliculty. If two or more metals are present in the 
solution, it is necessary to ensure that only on(‘ is deposited at a 
time. If the metals are widely separated in the Potential Series, 
this can usually be done without sjiecial apparatus. For instance, 
if the solution contains copper and zinc as sul])liates. i'T'is possible 
to deposit copper free from zi.ic, as we have seen : to make the 
separation complete it is best to add a little nitric acid to the 
sop’ution— the pre.sence of which will prevent entir(‘ly the dv])osition 
of zmc. After the coppered cathode has been weighed, it is possible 
to drive off the nitric acid from the solution by evaporation with 
sulphuric acid on the water-bath, and to deposit the zinc remaining 
from a complex oxalate solution upon the cop]3ered cathode ; it is 
'destritotive to the platinum of the eh^ctrode to deposit zinc directly 
upon that metal. 

In general, however, wlu're two metals are present in the solution, 
it is necessary to control the potential at the cathode by means of 
an auxiliary electrodi^ and a potentiometer. A normal calomel ” 
electrode is useful ifi some cases as the “ auxiliary eketrode,” but, 
since the .solution employed is usually acid, a mercurous sulphate 
electrode- contained in the sam(‘ sort of vessel as is used for the 
‘'calomel electrode ” is j)referable. Whichever is employed the 
end of the tulx^ of the auxiliary (‘lectrode is introduced into the 
beaker, clo.se up against the (-athode ; the auxiliary electrod(‘ and 
the cathode are then joined to a potentiometer, by means (if which 
the single potential at the cathode surface can [x; determined from 
time to time during the electro/ysis. 'khe variable resistance on 
the main circuit is adju.st(;(l so that the cathodic P.O.^is always 
sufficiency depressed to cau.se the deposition of one metal, but not 
sufficiently depressed to involve the precipitation ‘ of the other. 
For instance, if the solution in the beaker contains salts of copper 
and mercury acidified with nitric? acid, and the auxiliary electrode 
consists of 


HgaSO* in 
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the resistance of, the maiif circuit shou^l ^be tidjiisted "during 
electrolysis so that tfie potentiometer indicates^^-D-l) to oS5 vo^}, * 
the temperaturf. of the solfltiorjineing JOd" ('. lJn(Ter these eircum- ^ 
stances only mercury can be deposited ; no copper (^ofild come 
down unless ihe P.l). were to reach 0*3 volt. ^Auer thft,\thole of 
the mercury has come down, and tlie cathode has bfteii weighed, ' 
the solution containing cojiper is electrolysed separately, tj^ie 
cathodic potential being depressial sullieiently to allow the deposi- ' 
tion of that metal. ^ ^ 

Some metals, like manganese and lead, produce an insoluble 
dioxide (MnOg and PbOa) in a hydrated form on the anode when a 
solution of a salt is electrolysed under certain conditions. This 
fact has bei'n utilized for the estimation of these metals. 

Tli('. extensive use of the electro-analytical methods is somewhat 
limited b>*th(‘- price of platinum. By designing the ajiparatus in 
an appro])riatc maniuM', the amou^it. of platinum needed can bi^ 
considerably reduced,- but the cost still remains considerable. 
Much '^^ork has beiai devoted to the p?‘oblem of finding a chiniper 
electrode- material. As regards the construction of the cathode, 
many cheaper materials, such as silver,^ tantalum,* or even 
graphite,^ are suitaljle for use under specitied conditions. There 
seems to be no cheaj) material which will form a really satisfactor}" 
substitute for use as an anode, but it is stated that an alloy uf gold, 
silver aiid C(^])])er, ])lated with platinum, (“an be used in the jdace 
of solid platinum.^ 

Summary. The deposition of fairly noble metals like copper 
and silver will proceed at higli current (‘tticien(*y ; but, in the ease 
of more reactive metals like iron and zinc, current is likely to be 
wasted in the jiroductimi of hydrogen, especially if the solution is 
unduly acid. However, the evolution of hydrogen is opposed by 
overpotential, and zinc — Avhich has a high overpotential value at 
low temperatures — may be deposited at high current efficiency so 
long, as the solution is kept cool. 

Evolution of hydrogen from a batli origmally neutral tends to 
render it alkaliiui, and may give rise to the co-precipitation of 
hydroxides at the cathode, causing the dcfiosit of metal to bo 
spongy., ft is usually advisable to keep fhe bath acidified with 
some weak aqi^J, unless a cyanide, tartrate, cu’ other reagent which 
would act as a solvent for hydroxides is present. 

^ For further details see H. J. S. Sand, Trans. Chen\, Soc. 91 (1907), 39.‘k 

^ F. A. Gooeh and W. L. Burdick, Amer. J. Sci. 34 (1012), 107. 

3 H. E. Medway, Amir. J. ScL 18 (1904), 180. 

* 0. Bniuk, Chem. Ze.it. 36 (1912), 1233. 

® J. W. Turrentine, 7th hit. (knuj. App. Chem. (1909) vSeetion 1, p. 17ir. 

® K. Arndt, Elektrotech. Zeitmh. 42 (1921), 345. * • 
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Slow dopositida ot itetal at Jow current density means only a 
spiall dlparture^ from t/-ie equilibrium value W the potential, and 
hence the foi^nation of fev nuclei b(i the cathode, the deposit pro- 
duced b^in.g tlierefore coarsely crystalline, loose and rough. A 
highe.* /ath ol deposition involves greater polarization, 'and produces 
a finer, smoother and ’more coherent form of metal. If, however, 
the rate of deposition becomes so great that exhaustion of metallic 
ions occurs, tlje effect is unfavourable. This can, be avoided by 
employing a concentrated solution and by violently agitating the 
bath. 

If, as in plating, violent stirring is not practicable, high polariza- 
tion (and hence fine deposits) can be produced by working from a 
compk^x salt solution (e.g. a cyanide solution), in which tlic concen- 
tration of simple cations is low. '^fhe presence of certain colloids 
likewise improves and l)rightens the deposit, probably o^'^^ng to the 
formation of eom])l('xes. In thi' presence of colloids, the structure 
becomes laminated or scaly (the scales Ix'ing parallel to the cathode 
surface) instead of consisting of finger-like crystallites (perpeivtlicular 
to the cathode surface) ; apparently the colloid is co-deposited 
with the metal, by the cataphoresis of com])lox colloid particles, 
forming a deposit which is quite plastic at th(‘ moment of formation. 
Many colloids have a. bad effect upon the m(‘chanical qualities of 
the metal deposited. 

The adhesion of the dcjDosit to the cathode is better if the cathode 
is roughened and if it consists of a soft metal, or one which will alloy 
with the metal being deposited. Metals like iron and nickel, which 
absorb hydrogen, are deposited in a brittle condition, and tend to 
crack and to peel off in a tight roll, an occurrence which shows that 
the deposit is in a state of tension. 

Electro-deposition is used in the analytical estimation of metals. 
'Ihe deposition is quicker, and the deposit is brighter and more 
compact, if the solution is vigorously stirred. Through the control 
of the cathodic potential, by means of an auxiliary electrode and a 
potentiometer, the separate deposition of two or more metaMfrom 
a mixture is possible. 



CHAPTER XII 


THE DISSOLUTION OF A METALLK> ANODE 

• 

The two possible views held regarding the character of the 
reaction at the anode were briefly referred to in Chapter V ; it is 
necessary, at the present stage, to consider the matter in further 
detail. 

When a zinc plate is made the anode in an ('h‘ctrolytic cell con- 
taining a solution of zinc eliloridc!, or any other soluble chloride, 
various changes may oc(nir. 'i'he^imjdest reaction is the ])assage 
of the metallic atoms into the ioni(^ condition, thus 

* (1) Zn Zn” + 2(’. 

An alternative reaction is the discharge of chlorine ions on the 
zinc surface' 

{2a) 2Cr -- 2CT + 2c. 

But since zinc is a reactive metal it will at once combine ,vith tke 
chlorijD producing zinc chloride 

(2b) 7 a\ + 2C1 - Zn(T.,, 

and the zinc chloride will dissolve in the liquid, and dissociate into 
ions, thus 

(2c) ZnCl^ Zn“ + 201'. 

If we add up the three reactions (2it), (26) and (2c) we get 
Zn ” Zn” -f 2c 

identical with reaction (I ). Thus, as far as can he seen at present, 
hotli changes lead to the same final result, tfu’ ])assage of the zinc 
into the dissolved state, ajid no conclusion can be drawn from 
experimental in\a*stigatioji as to whethei’ it occur*s directly or hi 
three sTa||es.^ 

If, hWever, the anode consists not of zinc, but* of silver, little 
or no silvci^fl^sses into solution, but the surface of th? anode be- 
comes covered with a layer of insoluble silver chloride. This result 
is most simpty explained on the assumption that chlorine ions are 

^ Keason.s for thinking that the discharge of the nnion is, in most cases, 
the primary anodic reaction are given by 0. Sackur, Zeitsch. Elektrochem. 
14 (1908), 612. 
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discha^ged, and ♦that the chlorine tluli combines with the silver, 
the chat ges bein^ ahaf^gous to reactions 2a ’and 2h. 

^Finally if the aWde consij?ts of a “-yoblc^ ” metal, such as platinum, 
Avipch does i/oj (!ombinc with chlorine at any very appreciable 
velocity chlarim’ ga« is evolv(‘d ; here there seems to be no alterna- 
tive but to a^Jopt the id(‘a of the discharge of the anion, accgrcling 
to equation 2a. 

Similar ^results arc obtained when a soliitioa of a sulphate is 
e.’ectrolysed. If the anode consists of a reactive rnctal like zinc, 
the sulphate of which is soluble, tlic zinc ])asses into solution. If 
the anode metal has an insoluble sulphate, as in the case of lead, it 
becomes covered with a solid crust of sulphate, which, as it becomes 
thicker, may actually shield the metal below it from further attack, 
although as we shall se(‘ it does not usually prevent other 
reactions from occurring at th(‘ electrode. Finally, if ^.le anode 
consists of a noble irndal, like jdatiruim, the anions (SO,)" are 
discharged, according to the equatiem 

(:w) so," so, + 2c 

and WT usually <»l)tain oxyg(‘n by the secondary reaction 

(3/>) SO, + HX) HoSO, -f 0. 

The evolution of oxygen at an anode always temds to leave the 
s’alutioiwiroimd the electrode acid, just as the evolution of hydrogen 
at a cathode reudei’s the solution alkaline. Uie jjroduction of 
oxygen may also occur in another way, namely by the direct 
discharge of hydroxyl ions, 

{4uO 20H' - 20H + 2e 
(46) 20H H.,0 +0. 

This reaction is, of course, more likely to occur in alkaline solutions, 
in which tlic concentration of hydroxyl is considerable ; but 
hydroxyl also occurs to a small extent in neutral, or even in acid, 
solutions, owing to the ionization of Avater. If the solution is 
neutral whvn electrolysis commences, the discharge of hydrhxyl 
ions will leave hydrogen ions in excess and here again the solution 
will be rendered acid. t 

The production of oxygen at an anode njay have important 
results even avIvtc it is not evolved in gaseous form. Tffke, for 
instance, t^ie case of a lead anode immersed in ^siiyhuric acid 
solution. At first the effect of electrolysis is to cover the lead with 
t> coat of white jn.soluble lead sulphate. After a time the coating is 
thick enough practically to shield the lead below from further 
attack. Since the formation of sulphate is prevented, the anodic 
P9teirtial,will— if the applied E.M.F. is sufficienF--rise until it is 
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high enough fof the procfUction^ of oxygen. Owing to*“ovcr- 
potcntml,” the oxy^n will not at •first ai^pear *gas, bul will act* 
upon the lead sulphate* conf t'rting 4 the puoo-^oloure5 ” * 
peroxide, according to some such reaction as, * , * 

• PhSO, + HjO 4- 0 - . I>b0,, 

Only " wlu ii pniotically all tlio sulpli.atcs Tias b('cn ’converted to 
peroxide will the ^ anode become so supersaturated wj^Ji oxygen, 
that the evolui^ion of the gas in bubbles will occir. 

Here the product of oxidation, lead pero.fide, is a well-known 
substance which can be prepared in other ways and which has an 
oxygen-content closely approximating to the simple formula PbOa ; 
the peroxide film has a measurable thickness, and the marked 
colour-change which accompanies its production leaves little doubt 
as to the character of the product of anodic polarization. But in 
other cas?s, anodic polarization although producing a very marked 
(ihange in the electrochemical jirdjierties of a nu'tal- leads to viTy 
little change in the apj)earanc(\ 

Coifsider, for example, the p(»larization of a jilatinum ai?ode. 
When the anodic potential is raised as high as 1-23 volts, the surface 
is saturated with oxygen. But- owing to ‘'overpotential” — no 
evolution in bubbles occurs until the potential is raised to about 
1*5 or 1*7 volts ; the exact point depends on the surface condition 
of the electrode, a higher potential being needed for bright platiiulm 
than thr blackened platinum. Evidently, between 1-23 volts and 
1*50 volts, the platinum is supersaturat(‘d with oxygen. The 
oxygen is apparently firmly fixed in the metal, because, if the 
current is turned off, the electrode maintains its elevated ])otential 
for some consid(Table time. Many chemists icgard the permanent 
character of this polarization as an indicat ion that an oxide has been 
produced in or upon the surface of the electrod(‘, but it is unlikely 
that tluvre is any well-defined oxide of constant composition present. 
1lie oxygen content of the electrode scauns to vary gradually vith 
the# anodic potential maintained during the polarization jwocess, 
and also with the time during which the ])olariziiig current has been 
allowed to flow ^ it has been suggested that a solid solution of an 
oxide ^p^ssibly PtO^) in the platinum is formed at the polarized 
electrr^c and that the proportion of the oxid(^ ])re^sent in the solid 
solution dgjiiiynines the potential of tlic electrode.^ * When the 
polarizing current is turned off, and the electrode is allo^jj^d to rest, 
it gradually loses oxygen, the potential at the same time gradually 

^ F. Foorster, Zeitsch. Phys. Chc.m. 69 (1909), 23(5 ; CJ. Onibo, Zeitsch. 
Elcktrochem. 15 (1909), 769 ; 16 (1910), 621 ; G. Griibe and B. Bulk, Zeitsch. 
Ehktrochcm. 24 (1918), 237. Most of these researches, it .should be npticed, 
refer to ” black ” (platinizod,V platinum electrodes. ^ ^ 
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dropping; if imniorsed ,in a scjlution 'through ^vhioh oxygen is 
^3ubbledj eleclrg^de rei^ains itS high potential wonderfully well ; 
*it may take as loilg as ninqty days' iro di43p to 1-1 yolts. Such a 
continuous* fjrop. is quite consistent with the theory that an oxide 
is present (liss6lved in^solid solution in the metal ; but it is, perhaps, 
* rather more swnple to j’naginc' that an adsorbed layer of oxygen 
atoips is present on the platinum surface, the surface-concentration 
6f the atoms being the determining factor of th6 potential. Such 
a hiyer‘-can rightly Ije regarded as an oxide-film, since the forces 
binding the oxygen atoms to the metal are of the same character 
as chemical forces ; but the film will not correspond to any oxide 
which wc know in the massive form, but must be regarded, essen- 
tially, as an oxide film of variable composition. 



ii'KJ. 87. — 'rhe .\noilic Behaviour of Iron in Sulplmric Acid. 


Passivity. Of especial interest is the Ixdiaviour of an anode 
consisting of iron, cobalt or nickel. Here, when the current density 

is low and consequently when the anodic potential differs but 

little from the equilibrium value--tho metal behaves in much the 
same way as zinc, and the eh^ctrode can be regarded as an ordinary 
“ soluble anode.” But, if the potential is raised so that the pro- 
duction of oxygen in the anode becomes appreciable, the whole 
« nature of the electrode changes, and it shows a behaviour similar 
to that of platinum ; the metal acijuires a “ noble character, and 
this noble character survives for an appreciable tinu* even after the 


current has been turned off. 

The behaviouf, under increasing polarization, of an iron* anode 
' N 

surrounded , by — sulphuric acid is shown in Fig. 87'.^ At low 


1 Founded on /esiilts given by (.'. Fredenhagen, Zeit.sch. Phyn. Chem. 43 
(1903), 1. The curves given by E. 1*. Schoch and C. P. Bandolph, J. Phys. 
Ghem. 14 (1910), 719, arc somowliat different, the experimental method 
employ^ed being somewhat different, but the same general conclusions can 
be ‘drawn from both sets of curves. 
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current densitiea, the potential aj the diiso^ving anode is* only a 
little above the equilibrium .value. * Unde* suebv< ^rcumst^ices, the* 
current densit^y being small, "ilie rate dissolutfon is c^arcspond-^ 
ingly low ; l)ut nevertheless practically all the ciiFrentt N^liich (iocs 
pass is devoted to the dissolution of the (OK^de * If;' l#)*v*ewcr; by 
increasing the E.M.F. applied to tlu^'electrtllytic cell }«id so increas- * 
ing the current density, we attempt to hasten tlie dissolution still 
further, an entm^ly contrary result, takes place. At a certain* 
limiting current density (point B), the anoct potential i\'aches*a 
value at which the accumulation of oxygen upon the electrode 
becomes important ; at that point the change produced on the 
surface of the electrode begins to interfere with the anodic dissolu- 
tion of the metal ; the current begins to diminish and if time is 
allowed drops pracdically to nothing. Nor does the current begin 
to pass cigain until the anodic potential is made high enough to 
allow the evolution of oxygen *n gaseous form (point C), and 
beyond that point juactically all the current that passes is devoted 
to th(^ evolution of oxygem, the anodic dissolution of tfie metal licing 
almost m^gligible. 1’he electrode thus functions as an “ imattack- 
able electrod(\” like a piatiirum electrochy and the metal is said to ’ 
be “ passive.” 

If the current l)e shut oil, the iron (prickly returns to its original 
“ active ” state, the potential dropping to a negative value similar 
to that which was shown Ixdore the metal became passive ; but this 
return to the active state takes an appreciable time. If nitric acid, 
in the place of sulphuric acid, is emplo}^^!, the potential remains 
elevated, and the metal retains its acquired “ noble ” properties for 
a period varying between one and twenty minutes. Then suddenly 
the potential “ tumbles ” to a nc^gative value, and the metal be- 
comes active. If the E.M.F. is applied again before the “ tumble ” 
has occurred, the iron will function as an “ insoluble anode ” ; if it 
be applied after the “ tumble ” has takerr jrlace, the iron will l)C 
found to have I’r'gained its (original power to dissolv(‘ ((uantitatively 
at lAw current densities. » 

Evidently, thmxdore, the change iji the nature of the electrode is 
of a character which surviv^*s after the polarization agency is 
removed? If the change consists in the formation of an oxide film, 
the time which elapses before the electrode bccoim^ active must bo 
regarded afe the time taken by the acid to dissolve the oxide film. 
It is noteworthy that in neutral or alkaline liquids, in which the 
oxide would be almost insoluble, the iron Remains passive for a 
much longer period after the polarizing E.M.F. is shut off. In order 
to restore the passive metal quickly to the original “ active ” state, 
it is always possible to parj; current in the contrary direction, that 
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is to |)M<arizc tho metaj catho(;Jically/^ The hycjirogcn liberated 
during cdohodic pojarization clTi^ctually remo\^-s the oxygen from 
''the surfaee, and, when the r/3 verse cu/rrenl^ is sliut off, the potential 
is aft low as uhat*K>f the metal at the beginning of the operation, or 
possibly I'lic jnetal is now once more active, and is capable 

‘ of ehicient dis^rdiition wXven it is once more made the anode at a low 
curijent dei^isity. Thus, whilst anodic treatment may cause the 
{)roduction of the passive state, cathodic treatnjent is favourable 
to '-the restoration of^activity. 

Since the passivity of the polarized electrode is believed to be 
due to the juesence of oxygen on the surface, it is ]iot surprising to 
find that th(‘ '' limititig current density ” beyond which one cannot 
pass without causing passivity, is much lower in alkaline solutions 
where the hydroxyl concentration is high, than in the presence of 
acids. Thus alkalis are favourabk* to the passive state/acids to 
the active state. Likewis(‘ th(\ pri'sence of oxidizing agents - 
especially nitrat(‘s or chromates favours })assivity, and the 
prestmee of reducing agents favours the restoration of the §ctive 
condition ; this is also readily understood. Tlie approximate 
values of the limiting current density above which j)assivity sets 
in — if suflicient time is allowed — is shown by the following table ^ 

Approximate 

Electrolyte. Limiting Current Density. 

Millijiiiips per .sq. (Mn. 


N Potassium .sulpha to, N/lOU 
N Potassium sul])lui(e . 

iulphurie arid 

:h>o 

lion 

N 

N Pota.ssium .^ulphan^, pol 

a.ssium liydi'oxidi* 

2r»o 

N Potassiimi suljduilo, -- pol; 

i.ssiiim hydroxide 

10 

N 

Pota.ssium hydroxide . 


Vi‘ry l(.i\r 

N 

Pota.ssium nitrate 


.70 (vague) 

Pota.s,sium dieliromate . 


\'(‘ry low 


It should be noted that the appeai*anee of passivity is much less 
likely with a warm solution than with a cold one. This is i^adily 
understood, *sincfi the nf)rmal reaction 

Fe — > Fe" -f- 2a 

will proceed muyh more readily at high tcmperaturt‘s than at low 
ones, and hence the accumulation of oxygen will not occur. 

* Ba.sod on tho data giv^on by K. P. Schoch ami C. P. Bandolpli, J, Pfiys, 
Gh(^. 14 M910), 719. 
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Very irnportjftit i^s the action «f chloriilo.^ hifirpides and iodides 
in keeping a metal activo” it is very^nicitlt^ to rcndJr a m|^tal 
passive by anodic polarizathVi in th(^ *presence of ^hlorides. The 
discharge of Cl' ions, unlike the discharge of (N^)*)' or 

ions, does dot lead to the accuinnlation of o>^/gen on tfi(? suft'face of 
the iron. An iron electrode which has Ijl'cn rendt*!'cd passive by* 
polariza tion in a sulphate solution com indices to dissi^lve again if 
a small quantity of chloride is added to the soluti^jn. The acticais 
of chlorides in restoring activity to a “ pasi^ive metal is a very 
general one, and is not confined to the case of iron. The chlorides 
do not appear to dissolve the ])rotective film, but they do appear to 
loosen it, preventing it from clinging to the electrode and thus 
rendering it non-compact and non-protective. 'Phe action may 
jierhaps be connected with the known “ peptizing ” elTect of metallic 
chlorides* upon hydroxides ; the present writer has put forward an 
explanation based on considerai*ions of surface (‘iiergy.^ 

It is noteworthy that the process of passivity re([uires a certain 
time» If an K.M.T. sulticicnt to cause a current density exetv'ding 
the limiting value is apjilied to an electrolytic cell furnished with 
an iron anode, the iron goes into solution at first, but, gradually — ’ 
as oxygen commences to accumulate upon the anode— it begins to 
dissolve less readily, and finally becomes completely ])assive. ^ If 
the E.M.F. is not sufficient to cause evolution of oxygen in gas^us 
form, the current sinks to zero : if, on the other hand, the E.M.F. 
is sullicient to cause evolution of oxygen in bubbles, a current 
continues to pass, luit is concerned almost wholly with the produc- 
tion of th(‘ gas. 

'Phe time needed to cause passivity is greatly 7‘educed if dis- 
solved oxygen is already present in or around the anode. “ This is, 
[lerhaps, the cause of an interesting fact noted by Heathcoti','* who 
rendered an iron electrode passi\ c by anodic treatment in sul])huric 
acid, and then allowcal it to regain activity by shutting off the 
ciwrent ; when it was active, he turned on the current, and made 
it passive again, repeating the operation several times. He found 
that on each successive occasion, a shorter time w as needed to mpke 
the irpi^ passive ; it was possible, as hci expressed it, “ to teach tlie 
iron Jbo become passive.” Presumably a certain amount of dis- 
solved oxy^i remained in the solution (and possibly in the elec- 
trode) even after the electrode had become active, and ^tE ia oxygen 
helped in making the iron passive when the current was again 
turned on. 

^ U. R. Evans, Trans. Faraday Soc. 18 (19i^2), 1. 

“ H. G. Byers and fS. C. Lnngdon, J. Amer. Chem. Soc. 36j[1914), 2004. 

3 H. L. Heathcote, ./. Sot', dfirni. Ind. 26 (1907), 902. 
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Very striking is thf yhenomevnon of “ periodicity,** so often 
noticed ifi exper^tienis •jn passivity. It only occurs when the 
''hyirion conccntrcation and t^ie E.M.iX' applied to the cell fall within 
certain linhts. Supposing the iron anode is first of all active ; a 
conSidera'lt^lfe chrrent jesses at first, but this renders the 'iron passive 
and the current falls off> The evolution of oxygen then coinmhnees 
andf eauses^a higlily acid layer in the solution close to the anode. 
After some minytes the acid causes the electrode! to, become active 
agliiii ; “the iron theiu<onimences once more to dissolve, the current 
rises, and the evolution of oxygen ceases. Soon, however, passivity 
sets in a second time, and the alternations between activity 
and passivity continue indefinitely. The periodicity may be 
ri'cognized cither ]>y the alternate rise or fall of the reading of an 
ammeter in series with the cell, or by the periodical evolution of 
oxygen gas, which occurs only when the iron is in the pastfive state. 

It is evident thaV -in general- the equilibrium potential of an 
iron electrode depends, not merely on the concentration of iron ions 
in tl\e solution in which it is immersed, but to an even gieater 
extent on the “ previous history ’* of the electrode. If the 
electrode has lat(‘ly been subjected to cathodic polarization, the 
potential will be low — probably between —0*4 and -0-7 volts — 
and the metal will be active. If it has been subjected to anodic 
pokrizati*>n, the potential will be high (positive) and the metal will 
be passive. The actual value of the ])otential of passive ii’on 
depends on the nature of the anodic treatment, and will — like the 
potential of platinum — be made higher by the presence of strong 
oxidizing agents in the liquid in which the iron is immersed. In 
fact, a passive electrode should not be regarded as an iron electrode 
at all, but rather as an oxygen electrode. 

It is evident that cathodically polarized iron contains hydrogen, 


and it can be stated definitely that iron containing hydrogen is 
active. Likewise anodically polarized iron contains oxygeii ; iron 
containing oxygen is therefore passive. The question naturajly 
virises : Is iron contaijiing neither hydrogen nor oxygen activ^ or 
passive ? It would seem rational to expect it to be, active, but the 
theory has been advanced by certaiA German chemists tha^ pure 
iron is— in itself — passive, and only becomes active in the presence 


of hydrogen 4 thi§ is called the “ hydrogen theory p assivity,^ 
whilst the alternative view — that pure iron is actiwyand only 


becomes passive under the influence of oxygen^ — may be called the 

“oxygen theory. ”2 * 


1 G. C. Schmidt, Trans. Faraday Soc. 9 (1914), 257 ; W. Rathert, Zeitsch. 
Phys. Ghent. 86 (1914), 569. 

^ E. P. Schoch, Trans. Faraday Soc. 9 (1914), 274 ; F. Flade, Zeitsch. 
Phyl Ghent lb (1911), 513. 
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It is not so easy to decide between the£>e j>wo ^ttieories by direct 
experiment as one might (jxpecL Iron dots not ^ye up iti^Vjccluc^ed' 
gases at all readily, and, altlfeugh bv' heating iti (pi inert gas or 
in vacuo, a large proportion is evolved, it is dihigilt to'chsure that 
the last traces have been eliminated. Most of^he evideiie? adduced 
on either side is open to criticism ))y the''su])portciS of the rival 
theory. Active iron, after heating in vacuo, is found, still to b(‘ 
active, a fact which appears to sup])ort the oxygcai tlu'oiy,” ( u 
the assumption that the whole of the gasesj^are expelled by the 
treatment.' likewise, after a clean surface of iron has been 
obtained by grmding, the iron — whethei’ ])assive or active before 
the ])rocesS' -is always found to be active.- It must be admitted 
that these arguments are not conclusive, but they certainly seem 
to favour the ‘‘ oxygen theory.'’ More convincuig— in the opinicm 
of the present writer— is the argument founded on the comparative 
behaviour of different metals. Metals like iron and nickel having 
oxides soluble in acid but not in alkali tend to become active in 
acid £A)lution and passive in alkalis. Metals like molybdenunsand 
tungsten, the principal oxides of which are soluble in alkalis, tend 
to become passive in acids but active in alkalis. This would ’ 
certainly sceun to support the view that passivity is due to some- 
thing in the nature of an oxide film. The oxygen theory will 
therefore be adher(‘d to throughout this book.^ ' ♦ 

If jt is agrec'd that the more or less lasting change brought about 
in iron by anodic polai'ization is due to oxygen, it is necessary to 
inquire further into the nature of the protective film which retards 
or prevents the dissolution of the medal itself, whilst allowing of 
t he discharge of anions and the production of oxygen on the surfac(\ 
The early view that a film of some known oxide, such as the mag- 
netic oxide (hc^O.^), exists upon the surface was extremely natural. 

It has, however, been demonstrated that the optical properties of 
the iron surface generally undergo no change when the iron becomes 
passive- although the t)resence of an oxide-llhu of any appreciable 
thickness would certainly cause such a change.'* TTu're does not ' 
ap})ear, however, to bc^ any valid objection to imagining that tlie 
protects v(i film consists of a rh-yer of adsorbed oxygen atoms, or 

• > 

1 F. Flado art* H, Koch, ZeiM. Klektrocham. 18 (1912), 

^ W. Muthmann and F. Fraunberger, Sitzungsher. Bayer, dfcot/ 34 (1904), 
201 . 

® Some of the arguments advanced for the dillejrent theories of passivity 
are summarized by G. Senter, Trans. Faraday Soc. 9 (1914), 203, who is 
inclined to prefer the “ Hydrogen Theory.” See also J. Stapenhorst, Zeitsch. 
Phys. Chem. 92 (1917), 238. 

* W. J. Muller and J. KOni^berger, Zeitsch. Elektrochem. 13 (1907), 669 ; 

15 (1909), 742. See, however, T. Krassa, Zeitsch. Elektrochem. 15 (1909), 4^0. 

1 
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possibly molecules, «fi- moy attacked to the surfaceV As in the case 
of^platiiipm, thct^surfaco can then ^bc regarded as coated with an 
oxide-film of ivasiable composition; ' but not a hint of any oxide 
known in the i^assive condition. The firmly attached oxygen 
atoms W(vuld not pravent the discharge of (SO4)" or (OH)' ions on 
the outside ol the layer, the lil)erated electrons passing through the 
oxygen lajfer into the metal below ; thus the layer would allow 
those electrodic reactions to take })lace which give rise to the 
evolution of oxygen;^ On the other hand, the passage of iron ions 
in the o]iposite direction would probably be hindered, for the size 
of an iron ion is very much largia* than that of an electron. Thus 
at a passive electrode', the change 

Fe Fe“ + 2e 

would become extremely slow. That the anodic dissolution of a 
passive anode does not entiri'ly <fease, but continues to occur very 
slowly for an indefinite time, has lieen demonstrated by more than 
one'observe'i', ‘ It is stated that the current efficiency of (iiss(5lution 
in the passive state is often about 1 jxt cent,, whilst that in the 
active state is over fM) per cent.- Additional evidence that there 
is something in the nature of an obstructive film upon jiassive iron 
ifi afforded by investigations upon tlu? photo-electric (‘fleet. Like 
all metais, iron gives off electrons when exposed to ultra-violet 
light, but it has been found that the effect gnmtly declines when 
the iron becomes passive.'^ 

Whilst many chemists regard the protective influence of the 
oxygen layer as due to purely mechanical causes, others ^ prefer 
to look upon the oxygen in the anode as a “ negative catalyst,” 
which exerts an unfavourable influence of a chcunical character 
upon the change 

Fe ^ Fe ' + 2e. 

Possibly the film of adsorbed oxygen may act as a “ pois(m ” just 
as a film of adsorbed arsenic or suljihur upon a platinum cat'alyst 
acts as a ‘‘ poison,” hindering reactions which ,,would otherwise 
take place at the plafinum surfftcc. The theory is sopiewhat 
vague ; but it has been pointed out in support of it that,^in the 
electrolysis ..of jiotassium iodide between platinum _pbjctrodes. the 

^ See Heathcote, J. Soc. Chem. I ml. 26 (1907), 906. 

2 0. A. Lobry de Bri\vn, Rcr. Trav. Chhn. 40 (1921), 30, 

® H. S. Allen, Trans. Faraday Soc. 9 (1914), 247. Coinparo W, Frese, 
Zeitsch. Wiss. Photo. 21 (1921), 37. 

* O. Grube, Trans. Famday Soc. 9 (1914), 214. For other examples of 
apparent negative catalysis at uii electrode, see G. Ueichinstoin, Trans. 
Ft^iaday slc. 9 (1914), 228. 
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presence of a little oxygen iA the fyiode gr^ iilterferes with the 
production of iodine A ^ ^ 

Chemical Passivation of IronA ?llthough 'th^ passivity of 
metals is most conveniently studied by observing the sudden nse 
of potential caused by anodic polarization, yebit is extreihel^ easy 
to maKc iron passive by immersibg it in an oxidizing dPgont without 
tlic use of the electrical current. When iron is immersed^n concen- 
trated nitric ac^d (specific gravity 1-3 to 14) it di^^solves at first, 
but the velocity of attack soon drops, and finely the iron becomes 
passive. It is noteworthy that only concentrated acid (specific 
gravity exceeding 1*25) produces this passivity ; nitric acid of 
gravity below 1-25 slowly renders passive iron active. The activa- 
tion is however usually slow, and Heathcote pro])oses the immersion 
of iron in nitric acid of specific gravity 1 -2 as a test to decide whether 
a given piebe of iron is active or passive. If active, the iron at once 
evolves gas when dropped into the acid ; if passive, the iron is 
unaffected by the dilute acid for several hours- - after which it 
liecomttB active, and commences to dissolve. * 

Immersion in other oxidizing agents, such as chromic acid or 
potassium permanganate, often renders iron and other metals 
passive. Periodicity is observed not infrequently in the “chemical 
passivation” of metals. 

Various experiments are described by Heathcote which seem (b 
prove that the passivation by immersion in a solut ion of an oxidizing 
agent may — in many cases- be really electrical in character. Iron 
immersed in nitric acid of gravity 1-3- that is, just above the 
limiting concentration — only becomes i)assive very slowly. But if 
the iron is touclicd by a piece of lead or gold — metals which stand 
above iron in the Potential Series— ^ it becomes passive at once ; 
presumably a short-circuited cell of the tyj)e 

. Iron I Nitric Acid | Lead (or Cold) 

is produced, in wliicli the iron functions as anode, and passivation 
quickly sets in. On the other hand, if the passive iron is afterw^ards 
touched with a stick of zinc, the iron becomes active again. 
zinc ocenrg below iron in the Potential Series, and in the cell 

Zinc I Nitric Acid | Iron, 

% 

^ The present writer luis suggested that the preHt'tnco of the%^. .y^n film 
linking the metal to the solution decreases the surface energy of the interface,^ 
Metal I Solution, and thus renders the system mord stable*; the increased 
stability is shown by the “ennoblement” or “passivity” of the metal. 
See U. R. Evans, Trans. Faraday Soc. 18 (1922^ 1. 

* H. L. Heathcote, J. Soc. Chem. Ind. 26 (1907), 899. A very large nupiber 
of most interesting experimentjp are described in this pai)er. • 

M.O.—VOL. I. 
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the iron is cathode, ^ajjid^the catjjodic polarization, renders it active 
once radve. 

Very interestiiig are thei effects f f brmging into, contact below 
th« surface o/ a, liquid two iron rods, one active and one passive. 
Evidentiy; the potentials at the surfaces of the two^rods will be 
different, ano^ the shorj-circui ted cell 

Passive 

Electrolyte 

Iron 

will produce a curreut, which will, in general, continue until the 
oxygen concentration upon the surface of both becomes equal ; in 
other words, until both are active or botli passive. As to which of 
these two events will occur depends ou various factors, notably on 
the composition of the electrolyte ; if the liquid is nitric acid, the 
active rod will usually become ]mssivc, whilst, if the. electrolyte is 
sulphuric acid, the passive one 'will become active. 

Passive iron differs considerably in chemical pro])erties from 
ordinary iron. As stated above, it does not dissolve in iiitL'ic acid 
of specific gravity I -2 ; nor does it ])recipitatc metallic silver from 
silver nitrate solution. 

Passivation of Other Metals. Other metals which occur close 
to iron jn the periodic table show a similar tendency to become 
passive, when anodically polarized above a certain limiting current 
density, or when immersed in oxidizing agents. Often exposure in 
the air causes a marked rise in the equilibrium potential, whilst the 
scraping of the surface caus(\s the potential to assume a more 
“active” value. ^ 

Nickel becomes passive more easily than iron ; if the anodic 
method is employed, jiassivity sets in at a very much lowtT current 
density : moreovcT, the metal remains passive for a longer time, 
other things being equal, when the polarizing current \s shut off. 
On the other hand, cobalt ~ requires a higher current density than 
iron before it becomes passive. ’ 

The passivity of nickel is of some importance in nickel plating. 
It is customary in a nickel platin;^ bath to use anodes of nickel, 
which should dissolve as the current passes and — under conditions 
of perfect currbht efficiency — supply exactly as much nickel to the 
bath as has been lost by the deposition upon the cathode. So long 
as the anodic current density is very small, the anodes usually 

^ W. Muthrnuim and F. Fraiinbergcr, Sitmngsber. Bayer. Akad. 34 (1904), 
201 . • 

y. G. Byers and C. W. Thing, ./. Amer. Chem. Bov. 41 (1919), 1902; 
Tfc' G. Bjf'rs, J. Amvr. Sov. 30 (190^), 1718. 


Active 

Iren 
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dissolve tolerably well ; butf, if at %nj raoneRtit becomes excessive, 
they turn passive, and practically cease t# dissirflYe. Noj*does Jhe* 
dissolution recommence when^{he current density lowered again* 
to the proper limits. Therefore, when once passfvit}^* has self in, 
the batli be(?omes impoverished of nickel {ind^sonu^ fresH aflckel'salt 
mustHbe added ; incidentally the evoliitioi#of oxygen*at the anodes ' 
tends to render the bath more acid, and so interfer(is wifli .llie 
current efficiency bf the deposition at the cathode. Chlorides :ire* 
often added to th(‘ plating bath to ixaluce tlii* danger of paksi\’ify. 

The case of chromium ^ is a curious one, because here there is 
a. high oxide (CiDy) which is quite soluble in water. At a tempera- 
ture of 100°, a chromium anode dissolves quantitatively in potassium 
chloride solution producing blue Cr" ions : from the blue solution 
produced, the salt CrCU can be obtained by crystallization. If, 
however, iblic same experiment is tried at ordinary temperatures, 
even a very low current density i» sufficient to make the chromium 
passive, and dissolution does not. take place. Evidently the oxygen 
accunyulation on the electrode surfaces becomes sufficient to intejrfere 
with the entry of the metal into the ionic state. If, however, the 
E.M.F. applied to the cell be nuwh^ high enough, the chromium starts • 
to dissolve once more, but now as the yellow oxide CrOg (or its 
hydrate, chromic acid, HoCr() 4 ) ; evidently the dissolution will only 
commence when the anodic potential is so elevated that the oxygen 
concentration becomes sufficient to produce this high, endothermic 
oxide. It requires a potential of at least + 1 -1 volts to oxidize the 
chromium to the oxide CrOg. If there is present in the solution an 
anion which can be discharged at a lower potential, the accumula- 
tion of oxygen in the chromium will never become sufficient for tlie 
formation of the soluble oxide CrOg. Now the iodine ion, I', is 
discharged at all potentials exceeding about -f O-G volts, and it is 
not surprising therefore that when a chromium anode is used in a 
solution of cold potassium iodide, yellow chromic acid is not formed, 
and the anode remains unattacked. 

For some reason, the failure of chromium to be dissolved 
anodicallyin a solution of potas.sium iodide is looked upon by sup- 
porters of the fiydrogen theojiy ” of passivity as a fact that cannot 
b(' ex^laTned upon the “ oxygen theory ” : in the opinion of the 
present writc'r, the explanation just given - is far ffiore.satisfactory 
than any that the mipporters of the “ hydrogen theory ” have to 
offer. *' ” 

1 W. Hittorf, Zeitsch. Phys. Chem. 25 (1898), 729 ; 30 (1899), 481 ; 34 
(1900), 386. • 

* Practically identical with the view taken by O. W. Bennett aruUW. S. 
Burnham, Trans. Amer, EUc^'odmn. ^S'or. 29 (1910), 252. • 
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Chromium in tK'e nqjfcivs state ^hus dissolves to produce the blue 
divalent ^’phromo^iSf ion»(Cr*'); chromium in the passive state 
dissolves to foi^m.thc yellovr chromia^acid, or a chromate, in which 
the' metal i^ he^avalent. In the active condition, dissolution can 
occur «t a negative pf»tcntial ; in the passive conditioil, dissolution 
requires a pottaitial made liighfy positive by means of an exteiiially 
applied E.M.F. Thus active chromium behaves as a metal similar 
to zinc or cadm^ium, between which it falls in tlic Potential Series, 
whilst passive chrom^m behaves as a highly noble metal similar 
to platinum. The occurrence of the active or passive condition is 
determined largely by the solution in which it is immersed, 
oxidizing agcnts~even dissolved oxygen- being favourable to the 
passive condition. But temperature is also an important factor, 
and, as stated above, a chromium anode generally remains active 
in potassium chloride solution at lOT", but becomes ])asslve in the 
same solution at ordinaiy tempt'tatures. Thus the cell 

Cr I KC'l solution | NaNO^ | AgNOg solution | Ag 

furuishes at 100'^ a continuous current, with an E.M.F. of about a 
volt ; whilst current is being generated, the chromium goes into 
solution as the blue chromium ion (Cr'*). But, if the same cell be 
Uijpd at ordinary temperatures, the chromium soon becomes passive, 
aifti the ^current practically ceases. If by applying an external 
electric battery (a couple of ordinary Daniell cells, for instance) we 
force current through the cell, the chromium will be seen to dissolve 
as yellow chromic acid, not as a blue chromous salt. 

1he other metals of Group VIa also display very diverse pro- 
perties according to whether they are in the active or j^assive 
state. The potential of tungsten, for instance, may vary from 
— 0-676 volts, in its most active condition, to + 1-013 volts, in 
its highly passive condition.^ Moreover, in the same group, we 
meet with a curious departure from the general rule that acids 
favour activity, and alkalis passivity. Molybdenum, for instapee, 
is rendered passive by treatment with hydrochloric acid, whilst the 
activity is restored by treatment with caustic alkali. ^ If passivity 
is due to the presence of an obstfuctive oxide film, there is no 
difficulty in explaining this ; the best-known oxide of mofyb^denum 
is readily snlubl'e in alkalis forming stable molybjlates, whilst it 
has but^eble basic properties and is only with' difficulty dissolved 
by acids. 

Valve Action. In all the metals so far considered the presence 

1 E. K. Rideal, Trans, i^araday Sor. 9 (1914), 281. 

W. Miphmann and F. Fraunberger, Sitzungsber. Bayer. Akad. 34 (1904), 

2lV 



DtSSOlUTION^ (^P A METALLIC ANODE 389 

of an oxide filnt or oxygen film does no# the passage of^ 

electrons across it ; anc^ consequently, ihe ftfs^harge anicvis,^ 
■with the evolution of oxygen gys, can c(»ntinue even jifter^the anode 
has become passive. It is evident that if a filjn* exists upon* an 
anode whiclf is an electrical non-conductor^ electrodic ‘reflctlons 
of th^ character must cease also. In the case a polarized 
aluminium anode this appears to bo the casc^. • • 

If an electrolytic cell be made up with an aUiyiinium cathode 
and a platinum anode immersed in dilute sulphuric acid, Wl an 
E.M.F. be applied, current passes through the cell quite easily ; 
but, if the now be reversed, so tliat the aluminium be- 

comes the anode, the current quickly drops and finally ceases 
to flow altogether. Thus an aluminium electrode acts as a 
" valve ” ; it allows current to flow in one direction, but not in 
the other.! 

Our knowledge of the causes <#f valve action is largely due to 
the work of Schulze.^ It is well known that a very thin oxide film 
alwayfi^ exists on the surface of aluminium which has been exp«)sed 
to the air ; the film is normally so thin as to be invisible, but it is 
the existence of this compact and tenacious layer that allows 
aluminium — a highly reactive metal — to remain bright and ap- 
parently unaffected by the atmosphere. The film is a rather bad 
conductor of electricity ; it is well known that it is rathei difficiTlt 
to make a good electrical contact on an aluminium surface. Never- 
theless, owing to the thinness of the film, it does not normally 
insulate the aluminium, and — as has been stated above— an alu- 
minium plate can be successfully used as a cathode in an electro- 
lytic cell. If, however, aluminium is used as the material for the 
anode, the case is different, since the effect of the anodic reaction 
is to make the film thicker. The film is, even at the commence- 
ment, sufficient to prevent aluminium from passing into the ionic 
state ; in other words, aluminium is from the commencement 
])assive. As in the case of passive iron, the only possible anodic 
reactions involve the discharge of anions, leading to the formation 
of oxygen, and an accumulation of oxygen soon occurs at the 
surface. It is probable that ao first some few of the ions burst 
throug]^ tlie original protective film, thus making it porous, and 
allowing the o:?^gen gas to attack the metal below. As a result, 
the thin, compact, il^visible film of oxide soon become^ cn,Tiverted 
to a very much thicker layer of porous aluminium oxide ; th^ 
thickness is indeed often sufficiently great to ihake a' visible change 

^ G. Schulze, Trans. Faraday Sue. 9 (1914), 201); Ann. Ffiy.s. 21 (1906), 
929 ; 22 (1907), 643. Another yovv of valve-action is presented bjtA. 

Proc. Amst. Acad. 22 (1920), ^76. 
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,in the a^pearanee otf fhfT surfac<f’, which bcgiijs tcT show the inter- 
,ferrnce colours G^hUractffristic of o,xidc-^lms.^ 

Very sopn t}>e ^Kjttoms rtf the pc/es become filled with oxygen 
gas,^ and^ we thus, get a layer of gas next to the aluminium ; it is 
this la*yef of gas which causes the effective electrical insulation 
of the whole t^inode. tAc current, therefore, diminishes and linally 
peaces to altogether, apart from a small leakage current which 
depends on the,E.M.F. applied to the cell. If the E.M.F. applied 
to the cell containing sulphuric acid is raised to about 25 volts, 
this leakage becomes very appreciable, and is accompanied by 
numerous small sparks at the aluminium surface, which pre- 
sumably indicate the piercing of the tilm in different places by 
anions or electrons. If the E.M.F. is raised above 25 volts, the 
insulating film breaks down altogether, and a large current flows 
through tlie cell ; in other words the “ maximum voltage ” which 
the film can withstand in a suli)burie acitl solution is 25 volts. 

The magnitude of the leakage current which passes at any given 
potential (below the maximum voltage) depends both on tl>3 tem- 
perature and the composition of the bath. It is much greater at 
high temperatures than at low ones. If a small amount of chloride 
is added to the sulphuric acid, the leakage current is greatly in- 
cveascd.2 The leakage is much less in a })ure ])hosphate bath than 
ill a sulfiliuric acid bath, but the addition of quite small amounts 
of sulphates or chlorides to the phosphate bath increases the leakage 
in a most notable degree.'^ 

The maximum voltage which can be withstood before a breakdown 
of the film occurs also varies very greatly with the nature of the 
bath ; whilst in sulphuric acid, the film breaks down at 25 volts, 
in a borate bath 500 volts must be api)lied before the film gives 
way. It is noteworthy that the maximum voltage withstood is 
generally gnaiter in dilute solutions — in which the anions are 
scarce than in concentrated solutions, although exceptions to this 
rule are known. 

The following table gives the maximiini voltages attained in 
various baths by aluminium, and also by tantjalum,^ niobium,^ 
magnesium,® antimony,® bismuth,® i^irconium,'^zinc,® and cgdmium® 
— other metals which show valve-action under certain coiyiitions. 

^ I. Ziminonnaiin, Tran.s. Amrr. Kkctrocheni. ^or. i*^(1904), 147. 

W. .W.. Taylor and J. K. H. Jnglis, Phil. Mag.' 5 (1903), 301. 

^ G. E. Bairsto ami K. Morcor, Trans. Faraday Sov. 7 (1911), 1 ; W. K, 
ivlott, Elee.trochern. Ind.t 2 (1904), 352. 

* G. Schulze, Ann. Phys. 23 (1907), 220; 6^ 22^ 

^ G. Schulze, Ann. Phys. 25 (1908), 775. 

• G. Schulze, Ann. Pflys. 24 (1907), 43. 

Hf Walter, Electrician, 71 (1913), 1057. 

" G. Schulze, .4nn. Phys. 26 (1908), 37i. 
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• 

Aluminium. 


1 

Tantalum. 

• ‘ 



’ * * Niobium. 

. / Volts. 


Volts. 

• 

Voffcs. 

(NH^faHBOa » 

. 500 

K 2 CO 3 y. dil.) 

t 650 

Ha . . . . 300 f 

Hj,As 04 . . 

. 450 

KjCO, (less dil.) 

. 250 


(NH 4 ) 2 HP 0 , . 

. 360 

HjS 04 (v* dil.) 

. 430 

(NP;P4)2HP0^ (40% ) 210 

(Niy.cOg . 

. 260 

Ha (dilute) . 

. 210 

H 2 S 04 . . 

. 25 

KOF (cone.) . 

. TO 

• 



KOH (v. dil.) . 

. 450 

Zirconium. • 



HjAs 04 (v. dil.) 

. 470 

H3S0..^(3%) . . 105 ' 

jLithiurn citrate * . \‘J!5 

Antimony. 


nismuth. 


Magnesium. 

KOH . . . 

. 500 

KOH . . . 

. 500 

KOH . . . .75! 

KOI (v. (111.) ()V( 

'»• 700 

KCi(v. dil.) . 

. 15 

K.^(X), (cone.) . . 120 i 

HCl . . . 

. 250 

Hd . . . 

. 10 

(NH 4 ).J 1 P 04 ^ 

HNO, . , . . 

0 

HNO., . . . 

0 

conlaiiiiiig . 350! 

Ko(X.)3 . . 

. 500 

:K,C()\ , . . 

. 300 

iNHa ) ; 

H 2 SO 4 (dil.) . 

. 220 

1 H .>04 (<lil.l . 

. 300 

j Most 1 No 

otlicr ■ valve- 

• 




; clectrolyt e.s j action 





Zinc. 





|KX03(10%) . . 83 

i 





■' • 

Cadmium. 





K2a)3(10%) . . 31 

With regard to the 

^alve-a(;tion of metals 

other than aluminium, 

it will be noticed that the tantalum fil 

m ear 

1 stand, in many eases. 


a higher ])<)tonlial before breaking down than ean fclie film formed 
upon «aluniinium. Tantalum, antimony and bismuth show valve' 
action towards most solutions, although not to all ; for instan(;e, 
a tantalum electrode exhibits no valve-action Avhen immersed 
in a solution containing a fluoride. Magnesimn, zinc and cadmium 
only exhibit valve-action under exceptional conditions. 

If a source of, alternating E.M.F. is joined through the cell 

A1 Solution 

(Covered of ^ 

with Phosphate 

film) or Borate 

it is found that the current passes freely .during the half -period 
when the aluminium is the cathode, but that — assuming that a 
suitable film has been “ formed ” on the aluminium electrode — 
practically no current ps^ses when the aluminium is ihe 'aiTpde. 
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In other words, 'tl^e ra^j^ematin^ E.MF., sends a unidirectional 
'current Vhrough’tbf c^ll,,;which ?ri thciefore 8ai(!i to exert a “ rectify- 
*ing effect*^” on tfcc alternating current. * . 

The regfsf^n no current passes when the aluminium is the 
amydcrW^h readily understood, but it may appear strange at 
* first that the^. insulating film {should not equally well prev-oftt the 
pas^sage of current in the opposite direction. It must, however, 
'be remembered that the effective insulator is a fihn of gas. Experi 
m'cnts on the conductivity of electricity through gases have taught 
us that, in general, when electricity passes across a gas-space from 
one piece of metal to another, it does so almost entirely in one 
direction, free electrons being given off frf)m the surface of the 
negative electrode. Tn a rectifying cell fitted with one aluminium 
electrode, the aluminium of the electrode contains free electrons, 
and, during the half-period when the aluminium is a cafhode, the 
electrons ])ass across the gas-lihq^ quite readily. When, however, 
the aluminium becomes an anode, the current ceases, for the 
aqu^^ous solution on the other side of the film contains qo free 
electrons, and the discharge of the borate or phosphate anions can 
apparently only occur when they penetrate to within an extremely 
small distance from the metal of the electrode. This view of the 
case is supported by the fact that if a piece of platinum foil is 
biS^ught /vdose up against the immersed portion of an anodically 
polarized aluminium electrode, so that we have a metallic surface 
on each side of the gas-film, sparking occurs freely and the potential 
difference at the aluminium surface sinks to a few volts. ^ 

Rectification is only met with in any marked degree at electrodes 
where a gas- film is believed to exist. A silver electrode, when 
used as an anode in a solution of potassium bromide, becomes 
covered w ith a non-conducting film of silver bromide, which causes 
the current flowing to become extremely small. But such an 
arrangement is not an effective rectifier for an alternating current, 
because there is no gas-film present.^ 

It is of interest to note here the attempts made to employ “ vtec- 
trical valves ” commercially in the “ rectification ” of an alter- 
nating current. It would be highlyf-convenient,' in industry, to be 
able to use the E.M.F. provided by an alternating dynamo to’ charge 
accumulators. The commonest form of “ valve ” consists of a 
plate of aluminium and a plate of carbon imi>\:rsea in a solution 
of a pho5|)HAte. Four valves of this character can be joined to 
tF/e source of alternatir.g current X,Y in the manner shown in Fig. 

^ G. Schulze, Ann, Phya 22 (1907), 555. Compare K. E. Gutlie, Phys. 
Rev. (1902), 327. 

\G. SchUze, Ann. Phys. 26 (1008), 372.t 
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. • » ' 

88 (the relative position of the alnijiiniiim Al, and the* carbon 

plates, C, should bo noted) ; the ficcumiJatWf^'to bp charged are* 
connected to tjie terminals P ^jind N, the positive* plate of the end* 
accumulator being joined to P. Through each* Va>vh-cell, *the 
electron-stream can pass only in one dircctioij, nhmt ly thftt .shown 
by ti»*fcaiTow. Consequently, no tnatter twiicther -,tit any given 
moment — the side X of the source of alternating current happpns 
to be positive, or ‘negative, tlu^ terminal Pis invariably positive* 
and the terminal N is invariably negative. , The ch argil. g» of the 
accumulators, therefore, proceeds continuously, irrespective of the 
direction of the current as scait 
out from X or Y. 

In spite of tlie convenience of 
such an arrangement, the alu- 
minium rectifier has not met with 
much success. The fiJm on th<^ 
electrode is liable to disappear 
I’ather^ quickly when the current 
is turned off ; moreover, the leak- 
age of current which occurs during 
the “ anodic ” half -periods is usu- 
ally high eiiougli to render the 
rectifier an inetlicient machine ; 
the leakage is- as has been 
pointed oiif>— greatly increased by 
the presence of impurities in the 
solution. The use of other 
metals in rectifiers has also been 
considered, but, iqi to the pnv 
sent date, the practical diflicul- 
ties do not appear to have been 
overcome, entirely.^ 

It is impossible to determine 
directly the normal electrode 
potential of any metal, towards a solution in which valve-actioii 
occurs ; the ordinary method cf obtaining a balance with a potentio- 
meter wfll clearly fail, since the current can onty be made to pass 
in one direction. In the case of aluminium, the^orn^tion of the 
tenacious oxid^-liin^may be avoided by amalgamating the surface 
with mercury ; the true equilibrium potential of^oxygen-free 
amalgamated aluminium is about — 1-3 volts, and upon such 

^ Seo G. Schulze, Zeitsch. Klektrochem. 14 (1908^, 303 ; C. I. Ziinmorrnann, 
Trans. Amcr. Electrochem. Soc. 7 (1905), 309 ; C. F. Burgess and C. Hfynbue- 
chen, Trans. Arner. Electrocheiiyt Eoc. 1 (1902), .147 (and discussioii^on p. 1€2). 


From source 
of alternating 
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Al 
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To Accumulators 


88.- Connection of Calves 
in the Xlectification of an 
A 1 ( ernal ing Current . 
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measurements ou! I^n©wjedge of^ihe viiue for the eiormal electrode 
‘potential of jilumiviulh js founded. ” On the hthcr hand, ordinary 
'oxide-coated aluifiinium iwer show^ a potential lov'cr than about 
— 0*3 volls ai^d behaves — in actual practice- as a comparatively 

nbblic % InaYerial.^^ 

In the case^of tantalum, it i’k possible to determ.ine the ;; 3 i^cntial 
in fluorkje bath, in which valve-action does not occur.^ 

Classification of Metals according to tJieiy Anodic Be- 
haviour. It is possible to classify metals according to the behaviour 
which they commonly show when used as the material for the anode 
of an electrolytic cell ; it is interesting to note that the classification 
corres])onds- on the whole— with the arrangement of the metals 
in the form of the pci’iodic table employed in this book. 

Class (1 ). Metals which constitute normal soluble anodes : 

Copper, silver, zinc, cadmium, mercury, tin and lead. ^ All thesis 
metals have perfectly definite 'equilibrium electrode potentials, 
which are practically imh^pendent of the past history of the electrode 
era^oyed. 

It is interesting to observe that all these nudals belong to the 

B ” groups — occurring on the right-hand side of the periodic 
table. 

jClassJ2). Metals which can function as soluble anodes at 
low current densities but which readily become “ passive ” : 

Iron, nickel, cobalt, chromium, molybdenum, tungsten. A metal 
of this class has a definife equilibrium pobmtial when in the “ active 
state ” ; but nftcT' anodic polarization at a current density beyond 
a certain limiting value, it functions as an “ unattackable electrode,’* 
and the \alue of the potential is then determined mainly by the 
amount of oxygen in the (dectrode, and by the presence —or absence 
— of oxidizing agents in the solution surrounding the electrode. 
Thus the jiotential at an electrode composed of any of tlmse metals 
depends very much on the “ past history ” of the electrode. 

It is possible that jilatinum and iridium should be clas^ffied 
with the “ passifiable ” metals, although the limiting current 
dimsity in these casc's is practically^, nil, and the rfietals are almost 
unattackable under all circumstances. 

It is to be noted that most of the metals showing “ pas^vity ” 
belong to ftie “ transition elements ” of the^ne.rif^ic table or to 
neigh boifrine Group VIa. 

Class (3). -Metak which show valve -action : Aluminium, 
zirconium, niobium, tantalum, antimony and bismuth. Such 

^ J* Boyrovsky, Trans. Chem. Soc, 117 (1920), 27. 

1 G. von Hevesy and R. E. Slade, Zeitsch Elektrochem. 18 (1912), 1001. 
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metals cannot — ^n the ordinary w^y- fuiYtiou anodes, and the 
potential at the eleetrocln sifrface* depei>ils^eiVirf'ly/ on ibhe past* 
history of the dectrode. The ’formal ehetrode potential has usually* 
to be deterniined by an indirect method for insbeAicc? by theniso 
of an amalgam— or by the employment of some speclaj* solution 
in wllteh valve-action is not displayed. ^ , 

Most of these metals occur in Croups 11 1a, IVa, VA^and of 
the periodic t^bk^ although not all the metals of these group^ 
exhibit valve-action. , ' 

Class (4). Metals readily attacked by water » which have 
s()lu))le hydroxides, can scarcely be tesb'd as anodes. '^Phe normal 
electrode potential is detcTinined by indireett methods, for instance 
hy tii(' use of an amalgam. Such metals are sodium, potassium, 
calcium and barium, ail occurring in Groups 1 a and TTa of the 
periodic liable. 

It is necessary to ])oint out, ilowever, that the classification is 
only a rough one. Most of the metals of class (1) exhibit a species 
of pasMvity when used as an anode in a solution containing an ifnion 
w'hich forms an insoluble salt with the metal in question ; thus a 
lead anode in a sodium sulphate solution becomes covered with 
insoluble lead sulphate, and the attack of the anode gradually 
slows down. 

Silver, used as an anode in hydrobromic acid solution, becomes 
coated after a time with a practically non-conducting layer of silver 
bromide, and thus exhibits a species of valve-action. Iron, a 
typical metal of Class (2), merely becomes passive whim used as an 
anode in dilute sulphuric acid, but is said to exhil)it valve-action 
in concentrated sulj)huric acid. 

Summary. The anodic dissolution of a metal c;ui l)e regarded 
as the spontaneous passage of metal into tlu' cationic state, but is 
ju’obably, in part du(‘ to the discharge of anions u|)oii the anode, 
followed by secondary reactions. If the action of the anion on the 
metwil produces a crust of insoluble salt, the attack upon the metal, 
may soon cease. But if the salt produci'd is soluble, the jnetal 
will probably jftart to pass i^to solution, at any rate for a titue. 
So lon^ as the principal anion is the chlorine ion, the metal is 
likely to continue to be attacked quantitatively^. But when the 
principal aniAi or (NO^)', or, worse still, OH', oxygen 

or oxide may commence to accumulate at the ano(^e, and if the 
current density becomes unduly high, may, actually interfere wtth 
the passage of the metal into solution. The protective film of 
oxygen or oxide is very thin, probably ermsisting of a single layer 
of adsorbed atoms or moiecules ; it can be regarded as* an’o^ide- 
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film of Variable cjoi^pos^ion, miis# not be iclocitified with any 
'of the o:jfides^,kn'o^n io ys in th^- maf^sive stath. 

' Metals like ironware thus i^ndered 'passive anodically if the current 
dentfiity ej^o»jedK*a given critical value ; the potential then becomes 
highly, p€ 4 sitivi , aiVd the metal behaves as a noble material, and does 
• not recommeijice to c(issi?lve cVen if the current density is^i. winced 
once more below the critical value. However, in general, if the 
turrent is shut off and the metal is allowed to r^st, it becomes 
aij'tive Jigain aftfr a sl^ort time, the potential dropping to its original 
(negative) value. Oxidizing agents and anodic treatment favour 
the production and preservation of the passive state, especially 
at low temperatures, Avhilst reducing agents and cathodic treatment 
fav^our the active condition, especially at high temperatures. In 
iron the presence of acids favours the active state, whilst alkalis 
favour the active state ; in molybdenum- and other mftals with 
oxides soluble in alkali- the reverse is the case. 

Under certain circumstances, an anode may show “ periodicity,” 
becoming active and passive alternately. A passive anode usually 
dissolves only very slowly, but, in the case of chromium, which has 
a soluble high oxide, the anode dissolves readily if polarized sulli- 
ciently strongly. 

Iron can also be rendered passive by immersion in concentrated 
nifjtic acitf (specific gravity above 1*25), but it is probable that the 
action is really electrochemical. In nitric acid of specific gravity 
1*3, contact of active iron with a noble substance like lead or gold 
renders it passive, whilst contact with a reactive substance like 
zinc renders passive iron active. 

Where the insoluble film produced upon an anode is a non- 
conductor of electricity, current will cease to flow. A silver anod('. 
immersed in potassium l)romide becomes covered with silver 
bromide, which acts as an insulator and prevents the passage of 
current. An aluminium anode immersed in borax solution, how- 
ever, becomes covered with a film of gas, probably enclosed in Uic 
*j)ores of a layer of aluminium oxide. The gas-film allows •th(^ 
current to pass in one direction, and not in the other. Thus an 
aluminium electrode on which a ski|\ has been formed ano^cally 
has a rectifying action \ipon an alternating current. Othef' metals 
also display a valve-action of this sort (tantalum, bismuth, etc.) ; 
the maximum voltage which the metals will staird as Anodes, before 
the film bfeafs down, is often high (500-700 volts), but the leakage 
thlough the film is givatly increased by the presence of certain 
anions in solution (notably by chlorine ions). 



CHAPTER XIII 


THE PRECIPITATION OK ONE METAL BY ANOTHER 

The Table of Normal I'llectrode J\)t(‘niials indicates tbe tendency 
of the different rnetals to pass from the elementary into the ionic 
condition, vi I'lie metals placc^d at the top of tlie table, which possess 
positive potentials, are noble elcm;aits which show great reluctance 
to enter into solution. But, as we pass down the table, the poten- 
tials dipiinish and finally bc'come negative ; the metals aceordivgly 
become highly reactive and readily enter into the ionic state. If 
we introduce a piece of one metal into the solution of a normally 
ionized salt of another metal standing far above it in the Potential 
Series the two metals will generally change places. For instance, 
if a fragment of metallic zinc is introduccal into a solution coppJr 
sulphate, a spongy red-brown precipitate; of metallic copper is pro- 
duced, whilst zinc passes into the solution, by the evaporation of 
which zinc sulphate can afterwards Ix' i-(‘cover(‘d. The reaction 
(;an be expressed 

zn -f 01USO4 - cu + 

or, in ionic language, 

Zn -f- Lu” Cu -f Zn *. 

• 

The reverse reaction do(‘s not occur ; if metallic co])per is intro- 
duced into zinc sulphate solution, no (diang(‘ is observed, since 4 
zinc does not stand above copper in the table of normal electrode 
potentials. * • 

Numerous other examples of one metal replacing another can be 
given. Metallic zinc will throw down lead, cop})erf mercury, silver 
or gold from tffb’iwi^tion of a soluble salt of any of these metals. 
Iron will replace copper, silver or gold . Cbpp(;r will repKlce mercury, 
and so on. * • 

When the normal electrode potential of two metals is close 
together, the question of the replacement of •one by the other is less 
easy to predict. The iiorwd electrode potential of lead»( -- 0-h32 
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volts) clifiers buf^liftle ^om of till (,— 0-146 ♦^volts) ; towards 
"solutioni* cor^ibainiiig \wr(nml coficentvations of the respective ions, 
' lead is the more noble ” »metal, but it is only necessary to dilute 
tho' solution cOittaining the lead salt slightly to shift the potential 
and’roiKj^r’leitd the less noble metal. Thus it comes about that on 
the immersiop of metaltc tin hi a lead salt solution (free tin), 
lea/l is precipitated, but when metallic lead is immersed in a solu- 
tion of a tin salt (free from lead), metallic tin is precipitated. In 
both eases, the* equililirium 

8n -f Pb" - Pb 4- 

is finally set up, when the ratio of the concentration of Sn" to Pb” 
ill the solution is about 2-98,^ 

Even more interesting is the case of silver and mercury. Here 
the normal electrode potentials are so close together tln^t it is still 
rather doubtful which value is higher. Accordingly mercury reacts 
with a solution of silver nitrab', whilst silver reacts with a solution 
of igercurous nitrate. But in both cases, the product of the^hange 
is not a pure metal, but an amalgam or alloy of silver and mercury ; 
the proportion of silver and jiiercury in tlie alloy, in the final state of 
equilibrium, will be determined by the res])(*(!ti\a^ concentrations 
of silver and mercury ions in the solution.^ 
iThere^are a fc'w exceptions to the rule given above, which in 
some cases still require a complete interpretation. Iron, when im- 
mersed in a solution of stannous chloride, should throw down 
metallic tin, but under ordinary circumstances this replacement is 
not observed ; it is stated that the presence of stannous chloride 
actually causes a serious alteration in the (‘lectroch*. potential of 
iron,'^ but it is not clear why this should be so. 'f’hose metals, like 
aluminium, which arc generally covered with an adherent film of 
oxide also show a somi-what anomalous ]>ehaviour, their precipi- 
tating ])ow'er for other metals being much less marki-di than the 
position in the Potential Series would lead us to ex])ect. 

When th(! process of tlu^ precipitation of one imTal by aiwther 
is carefully watched, it becomes clear that the process is not quite 
so simple as might at first sight ap^irar. If, for instance, a j)iece of 
metallic; zinc is suspended by a thread in a solution of leafi acetate, 
the beautify! ‘‘ tead tree ” is produced. Shining fern-like crystals 
of lead start growing out from the zinc at places, and 

continue to^row until the tips of the growth are perhaps an inch 
or more from the original piece of zinc. 

^ A. A. Noyes and K« Toabe, J. Amer. Chem. Sor. 39 (1917), 1537. 

^*W, lioinders, Zf'itsr.h. Phys. Clu/m. 54 {190(1), (>09. 

^ N. floiiman, Trav. Chim. 39 (♦920), 537. 
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If the reactioibwero thq siitople ir^terchange jof zi>io and lead atoms 
expressed by thf^ equation, • » i I 

Pb” + Zn’= Zn” *i- Pb, ♦ ' ' 

one would expect to find the metallic lead protliic('‘d just at tlibse 
points at wfiich the zinc is being dissolvid away. ' Yet* aiftually 
we fintr^ie lead ’’deposited an inch or more away from the surface 
of the zinc. It seems as though we have to deal with a cast'* of ^ 

“ chemical actVjn at a distance.” Evidently the equation 
given — althougli accurately representing thft final result of the 
interchange of metals- does not fully indicate the steps liy whitih 
the reaction proceeds. If, however, we remember that the con- 
version of a metallic atom into a metallic ion is an (‘lectrical process, 
a simple explanation of the dilbculty suggests itself. 

l"he matter is best demonstrated by the following series of siiujik' 
experiments. ‘If a plate of zinc and a plate of lead be joined l>y 
wires to the two pol(\s of a galvanometer, and are then immersc'd, 
without touching one another, in a solution of lead acetate, tin* 
deflection of the galvanometer indicates the flow of a contin.«ous 
current, the zinc plate functioning as the negative pole. Tin* 
reactions causing this current are analogous to those occurring in 
the ordinary Daniell cell, and can be writUai thus ; - 

At the zinc plate . . . Zn - Zn" -|- 2 e > 

;\t the lead plaU* . . . [*b" -f 2 e Pb 

The production of fresh crystalline lead ujion th(* k^ad plate and th(' 
eating away of the zinc soon becom(‘s evident to the (*ye. 

If, instead of being joined together l)y means of ext(‘rnal wires, 
the zinc and lead plab's are allowed fo touch below the surface 
of the liquid, the same reactions appear to continue, the zinc being 
corroded away, whilst fi'csh crystalline lead grows out from the lead 
plate (as well as from tla* zinc jilate also). In tliis case, although 
the curren,t is not detected on a galvanometiM-, there is little doubt 
that a continua! stream of electrons continues to pass from tlu* ziiu; 
to t}¥:‘ k^ad at the point of (amtaid. We an* still dealing w ith an • 
electric cell, but it is now a short-circuited cell. 

Finally, suppd^e that tlie lea'J plate is omitted altogether, a frag- 
ment of ^*100 being immersed alone in a solution of lead acetate. 
Here, possibly, the first replacement of lead liy Anc may consist 
in the simple (Si««ii^al interchange of lead and zinc atoms. But, 
as soon as a minute amount of lead has been produced*^it any point 
upon the zinc, it commences to act as the, positive plate of th^ 
short-circuited cell, 


Zn ! 


Ijcad Acetate pj • 
solution 
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and th^ further ienasit^'on of If^ad ocTAurs, not d^ectly upon the 
'surface ri thl zincx bAt upon the lead nucleus' which already exists 
"in 'contact with the zinc. The tendency of electro,- deposited lead 
to form dfendrftic growths has alrea^dy been referred to in Chapter 
XI, ard'*it is ‘^Uot/’surprisirig to find the lead growing out from the 
zinc in the fern-like cr 3 'stals wliich constitute the lead treft^n And, 
although it is dillicult to demonstrate the fact, it is fairly certain 
^that, along each growing frond of the lead tree, a stream of electrons 

'flowing, from^the direction of the zinc fragment towards the tips 
of the fronds where growth is proceeding. 

If a fragment of metallic zinc is immersed in the solution of a 
salt of silver, gold or platinum, the precious metal is brought down 
as a dark sponge which grows out for an appreciable distance from 
the surface of the zinc. Here again, the formation of short-circuited 
electric cells must be assumed to account for the iphenomenon. 
In some other cases, however, the electrical characte-r of the reaction 
is less obvious. For instance, if a clean bright surface of st(‘el is 
wetted with a solution of copper sulphate, a thin deposit of metallic 
copper is produced all over the surface, and clinging closely to it. 
One might, perhaps, account for the production of the deposit 
on the assumption that the iron and copper atoms along the whole 
surface change places in a direct manner. But it is generally con- 
si'*'.ered that here also tJic action is electrical in character. Com- 
mercial iron and steel is an alloy containing, besides grains of pure 
iron, other comparatively “ noble ” constituents, such as iron 
carbide ; a particle of this kind is able to act as the imattackable 
pole of the short-circuited cell. 

Iron I CopX-)cr sulphate | Nobk^ constituent 

As soon as the steel is immersed in the copper sulphate solution, 
the deposition of metallic copper upon the “ noble ” portions of 
the surface commences, and the growth of copper extends in all 
directions over the surface of the iron, until finally the growths from 
different centres meet one another ; when this occurs — the metallic 
iron being then practically covered over with the copper layer — the 
reaction slows down and finally cea'ses. 

This method of covering one metal with a thin coating or another 
is known as th\i method of simple immersion. It is* note- 
worthy that only those metals like copper, w^iir'l'cadily appear 
as a compac^i layer when deposited on a cathode by means of an 
externally furnished current, yield anything approaching a satis- 
factory coating by the method of simple immersion. This affords 
important support for the view that the deposit of copper formed 
by simple»»immersion is, like the lead tree, of an electrical origin, the 
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current being, in both cases, internally generated i^^urther evMence 
for the same view is provided -by the discoyel’y, duo i]b Lr^nbert,^ " 
that perfectly pure, uniform irdn will n,ot liberate copper from'^a ' 
copper sulphate solution, althodgh the slightest lack'of liMformity 
in ^lie metal is sulheient to allow it to d(‘])osit copper, if the 

iron is ^^j^iply subjected to pressure in an iigato mortar, previous 
to immersion in the copper solution, tin; potential is altered at tbe 
stressed portions, and the short-circuited cell \ 

' ^ 

Stressed Iron | Solution | Unstressed iron ’ 

is set up. The current produced involves the deposition of copper 
on the cathodic areas of the cell. 

A little consideration will show that tiie layer of metal produced 
by simple immersion will not be so compact or so adherent as that 
prodiKJod by the ordinary electroplating process witli an exter’nally 
])rovided cflrrefit. For, in the eo])per-plating of steel by simple 
immersion, the deposition of copj/^r begins to slow down as soon 
as the growths extending from dilferent points commence to ap- 
proach «nc another, owing to the fact that the metal below, wh^idi 
is needed to maintain the current, has been largely covered up by 
the copper ; the growths from the different jioints ai’c therefore 
unlikely to be pressed together iiito good mechanical union. 'Jdie 
deposit is, consecpiently, liable to be incoherent, and prohabhi 
discor.tinuous. Moreover, it will, of necessity, be thin. ‘*Again7 
during the, ])roe(‘ss of d(‘position by immersion, tin* base metal is 
b(‘ing dissolved away at the very moment at which the layer of 
noble metal is spreading over it ; under such circumstances, the 
deposit cannot be expected to adhere well. Finally, where the 
current is internally generated, there is no means of controlling 
the current density, so as to obtain tin* b(‘st conditions for deposi- 
tion, as is possibh^ in ordinary elec troj)la ting. 

FMr this reason, the method of simple immersion has seldom 
been empldyed commercially for the production f)f a protective 
layer* or “ plating ” upon metallic articles. On the other hand, 
the precipitation in a spoj)gy form of a coni] )ara lively noble metal by 
another more rea^stive- - and cheaper— metal is considerably used 
in the “ jv^t ” processes of metjAlurgy. Solutions containing salts 
of gold^ir silver are often treated with zinc, or wit[i aluminium- 
in the form of d ^^st or shavings the precious metal bei#g reduced 
to the metallic state/ ’Similarly solutions containing a sa^t of copper 
are frequently treated with scrap iron, the copper being usually* 
deposited as a brown spongy mass (“ cement cfopper 

It is noteworthy that when zinc shavings are used to ^precipitate 

* B. Lambert, Trans, Chem, Uloc. 101 (1912^ 205G ; 107 21^.# 

M.C.—VOL. I, B D 
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traces^ of gold froi;i a pilule S 9 lutioiifr the precipitation is greatly 
facilitated i^ the ^ini first iminerfsed in a Comparatively concen- 
trated solution 6f a lead {?alt. Mdtallic^lead is deposited upon the 
zinc, and ‘ aftWwards forms the 6athodic clement of the short- 
cifcuitefvi 'oeW *' 


Zinc 


Dilute solution of 
gold compound 


Lead 


Summary.#, In general, any metal, when imm.^rsed in the nor- 
mally ionized salt solution of a second metal which stands well 
above it in the Potential Series, will cause the deposition of the 
second metal in the elementary state. The character of the deposit 
obtained by such a process points to the replacement having been 
electro-chemical in character, due to tlu' production of short-cir- 
• euited cells or “ couples.” 

The method of obtaining a metallic coat by “ simjfie Immersion ” 
constitutes an alternative to ordinary electroplatmg, but, since' 
the deposit usually lacks cohesion and is very thin, the method 
is ‘only used in a very few cases. On the other hand, the precipi- 
tation of a valuable noble metal (such as gold, silver or copper) 
by a more reactive one (zinc, aluminium, non) is largely used in 
metallurgy. 



(IIAPTKII XIV 

i 

CORKOSJON OF METALS— 

Corrosion by AcidsA In tlio last chapter the precipitation 
of one inetal })y another more reactive metal was considered in a 
general manner. Oiu' ('S[>eciaUy important cast* lias now to be 
studied in ^lotftil— that in which the “ metal ” disjilaced from the 
ionic condition is hydrogen. ^ 

Generally speaking, all tin* metals whi(;h occui' below hydi’ogeii 
in the ^Potential Series are capabh^ of causing an ('volution» of 
hydrogen gas when introduced under suitable conditions into the 
dilute solution of a strong ” (i.e. a largely ionized) acid. The 
velocity of the reaction often varies to a very marked extent with 
the purity of the metal. Pure zinc, for instance, is almost un- 
attacked by pure dilute sulphuric acid, but, if the zinc be ^oucheti 
with a copper rod below the surface of the acid, dissolution of the 
zinc at once comnumces with copious evolution of hydrogen gas. 
It is noteworthy that the hydrogen bubbles are act-ually evolved 
from the copper rod, not from the zinc itself, although it is th(‘ 
zinc — and not the copper which is passing into solution. Idiis 
fact at once suggests that a short-circuited ('cll of tin* typ(\ 

I Dilute I 
I Sulphuric Acid I 

• 

has been produced, ajid that the production of sucli a cell is the 
cause of the rapid attack. 

Instead of touching the zinc with a copper rod, the violei^t 
reaction of pure zinc with the acid can be brought about ii\ another 
way, nanfbly by adding a trace of copper sulphate to the acid. At 
once metallic copper is deposited on the surface of fhe z^nc ; short- 
circuited cells (or^ Jojiples ”) of the type just described are formed 
all over the surface, and the rate of attack by the acid l)ecomes ver^ 
violent. 

^ Many apparent inconsistencies in the behaviour of metals towards acids 
are explained by W. D. Richardson, Trans. Aimr. Ekctrochem. Ac. 38 {W)20), 
240. • ' • • 

4jf3 
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' " ' ' 

If tfie zinc is the “ ^ouple#” .may be formed upon the 

surface ^veii[ witly)ul a/iy ad(Fition**of coppdi- sulphate or similar 
s^lt to tlie solutfon. If the zinc contains a mere , trace of a com- 
paffatively ‘noMe metal, such as copjfer, nickel, gold or platinum, the 
ra<S3 ©f^p,tea(fk by acid is notably increased. The jittack of acid 
upon slightly impure ziuc is oiten not very rapid ?\'hen tlift^eietal is 
firfst immersed in the acid, because the small amount of impurity 
may exist in solid solution in the zinc and will iK)t therefore con- 
stitute the cathodic , element of a corrosion couple at the moment 
of immersion. The slow action, however, brings a certain amount 
of the noble metal into solution, and it is then reprecipitated, as a 
separate phase, upon the surface of the metallic zinc. As soon as 
this occurs, the couple 

Zinc I Acid | Noble metal 

' t, 

a])pears, and the attack by the, acid becomes very much quicker. 
The period of comparatively slow attack which is noticed when 
firf^t the zinc is immersed in the acid is commonly referred to as the 

“ period of induction/’^ 

It is noteworthy that the presence of lead, cadmium and arsenic 
in zinc adds very little — if at all — to the rate of attack by acids ; 
this is probably connected with the high value of the over-potential 
ef hydiogcn evolution upon these metals, which is, at low tem- 
peratures, almost equal to the E.M.F. generated by the couple. 

The presence of impurities has a similar effect in the case of other 
metals. Cast iron — which contains crystals of iron carbide or 
flakes of graphite embedded in it— is attacked more' readily by 
dilute acids than the purer forms of iron. 

When we come to metals like tin or lead, wliich occur close to 
hydrogen in the Potential Series, we find much less readiness to 
dissolve in dilute acids. Tin, for instance, is very little attacked 
by hydrochloric acid at ordinary temperatures, but the action is 
aided by contact with a metal like copper, or by warming the 
liquid. It is probable that the slow reaction of tin with hydro- 
chloric acid at low temperatures is connected with the high “ over- 
potential ” of the metal. The value of the overpdtential diminishes 
as the temperature rises. * 

The met/ils-^such as copper or silver— which stand above hydro- 
gen in the Potential Series cannot in any ca^i^yicsld hydrogen as a 
gas by intei action with dilute acids. It is, however, a mistake to 

^ The effe ts of impurities upon the action of acids on zinc are studied by 
M. Centners® rer and J. Sachs, Zeitsch. Phys. Chem. 87 (1914), 692 ; 89 (1914), 
213 j M. C/ntnerszwer, Zeitsch. Phys. Chem. 92 (1918), 563. But those 
id vesti gators take a view rather different Vrorri that suggested above. 
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suppose that th6y cannot (fisplac. hydrogeOj irt- *ajl. • it a copper 
and platinum rod bo brought n\to contact in a dilute ^icid^^o as Co- 
produce the short-circuited ce)J 

Copper I Dilute Acid | Platinunf, 

the coppL^ commences, momentarily, to eifler into sfllution, and a 
small amount of hydrogen is produced at the platinum surface., 
Bui long before tfie concentration of hydrogen oi^ th(5 nlatinu/j' ^ 
reaches the saturation value, the P.D. at iSie platinum surface 
becomes equal to that at the copper surface, and the current there- 
fore ceases. If, however, an oxidizing agent, such as hydrogen 
peroxide or sodium hypochlorite is added to the acid, which will 
continuously remove this hydrogen as fast as it is formed, the entry 
of the copper into the solution proceeds continuously. ^ As a matter 
of fact, it il foftnd that both copper and silver are dissolved readily 
by dilute sulpinjri(; acid containing peroxide.- Here, there is, 
of course, no evolution of hydrogen in bubbles ; the hydrogen is 
oxidize*! to water as fast as it is produced. With ordinary co}t[>er 
or silver, contact with ])latinurn is not necessary, the surface of the 
metal being usually sulliciently variable in composition to allow 
the formation of the necessary couples. 

In some cases, the acid itself may acl. as the oxidizing ageiP. 
Hot '’oncentrated sulphuric ackl is, for instance, a powerful oxidiziiil; 
agent, and is capable of attacking copper, jnercury or silver ; 
sulphur dioxide is evolved, and a sulphate of the metal in question 
may be recovered from the solution by evaporat ion. The reaction 
should probably be regarded as electrochemical, the sulphur dioxide 
being produced by the interaction of the hydrogen and the sul- 
phuric acid. 

4- 2H - 2HA) + HO,,. 

Anothei>powerful oxidizer is nitric acid, which displays oxidizing 
properties even when quite dilute and at ordinary temperatures. 
Nitric acid attacks practically all metals except iridium, gold and 
platinum, which stand at th(‘ noble ” end of the Potential Serior . 

In only exceptional cases is hydrogen evolved in gaseous form ; 
more qften the hydrogen produced reacts with a further ((uantity 
of nitric acid to give one of the other substances sh*)wn in the 
following list ; — 

^ The existence of a current accompanying the attack of copper in contacT 
with platinum by acid — or even by ordinary tapwater — containing a trace of 
hypochlorite (ran easily bo demonstrated. See E. K. Rideal anef U. R. Evans, 
Analyst, 38 (1913), 353. • I 

“ O. P. Wal ts and N, D, Whipido, Trans. Amar. Ekctro\eni. Sdf'. 32 

( 1917 ), 257 . • n • • 
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t ^ ' f * 

Nitric peroxide « * i • • * 

Nitiyus afcid ^ ^ ' 

Nitric oxiae 'jj . . . . * 

Nitroijp^oxi^je ' . . .4 

Nitrogen . * . 

^HydSo^^ylalrniio • # • 

Ammonia ^ . #1 . . 

Hydrogen ..... 

^jyiost of these s^iibstanees are gaseous and are evolved in bubbles ; 
bt*t ainraonia and Irydroxylamine remain in solution as soluble 
nitrates. 

The substances standing near the bottom of the list, which 
are rich in hydrogen, are formed when a reactive metal (which 
would produce the primary hydrogen under considerable pressure) 
is introduced into the acid. 'I'hus magnesium and zinc produce a 
good deal of ammonia, and the lirst-mentioned m6tal^ when dis- 
solving in dilute nitric acid, aei^ually causes the evolution of a 
certain amount of unchanged hydrogen. On the other hand, the 
rnoye noble metals, like copper and silver, give rise to tlv' more 
highly oxidized substances standing n(‘ar the top of the list. Hut 
the character of the substances produced depends largely on the 
concentration of the nitric acid ; dilute solutions favour the ])ro- 
duction of a substance comparatively low on the list, whilst con- 
or."ntratdl acid naturally gives rise to a more highly oxidized body. 
Iron, for instance, yields mainly nitric oxide with dilute acid ; but 
with concentrated acid, there is also nitrogen pei’oxide in the gases 
evolved. 

Certain metals— such as iron and nickel— quickly become passive 
when acted on by concentrated nitric acid. It is quite to be ex- 
pected that passivity will be brought about more quickly if a 
“ noble ” substance (e.g. a platinum wire) is brought in contact 
with the iron ; this has been shown to be the case. Nor is it sur- 
prising to find that cast iron, which contains noble coVistituents, 
becomes passive in nitric acid more readily than pure iron ; con- 
.sequently just that form of iron which is most readily attacked by 
dilute sulphuric acid is comparatively little attacked by nitric 
acid.^ These facts, although notceonclusive, appear to .confirm 
the view that the actiem of nitric acid upon metals is, like fhat of 
non-oxidizivg a^^ids, electrochemical in character, depending on 
the formation of a “ couple,” or short-circui^-eTffictric cell. 

The action'’of nitric acid does, however, seem to be more complex 
t^an that of most other corrosive agents. The corrosion of copper 
by nitric acfl, for instance, appears to be catalytically accelerated 

^ Contrast i^ointed out by W. D. Kicliardson, Trans. Amer. Inst. Chem. Eng. 
13«<1920)/d./265. . • 


. HNO3 
. NO 
' . N3O 
. Na / 
.* NKjOH 

. mr 

H 
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by the nitrous 4oid whioh Bs produced the.rtfaction. When a 
fragment of copper is placfjd in*nitrife acid, Jhc^ action is sloy^ at first, 
and then becomes much quicker as nitrous acid aicumulaies in tluy 
s^l^tion. Nitric acid which is* entirely free from sttroii.^ acid has 
practically ifo action on copper, and if a little drea*— ^^fllv^t^:nce 
which* 'destroys nitrous acid— is added tot the liquicj, copper can 
remain in nitric acid for some considerable time without bejng 
dissolved. ^ • * * * 

The metals, platinum and gold, which arc t(^ nobA^ to be at4ac!gi?d 
by nitric acid, are nevertheless brought into solution as chlorides 
by the action of “ aqua regia,” a mixture of concentrated nitric 
and hydrochloric acids. 

Arranging the commoner metals in the order of their normal 
(‘lectrode potentials, we can summarize the action of acids upon 
them as ftllosVs : — 


(lold 

Platinum 


I Attacked l)y aqua rofjjia only. 


Silror 
Mcnaii'y 
(k)])por 

(J’o.sition of Hydrogen hero.) 


) Attacked by oxidizing acids 
1 (nitric or hot concentrated snl])hurie). 


Tin 

Lead 

Iron 

Cediniarii 

Zinc 

Aluminium 
Magnesia nn 


I Attacked by warm concontrated hydrochlorio acid. 


^Attacked by dilute sulphuric acid or Jiydrochloric 
acid. 


Calcium 'j 

Sodiiun [Attacked even by water. 
Potassium ' 


Corrosion of Metals by Neutral Salts. Since hydrogen 
iojis exisfr, to a stnall extent, (‘Von in a neutral solution, it miglit 
easily be expected tliat tlie more reactive metals would displace 
hydrogen when brought into the solution of a neutral salt or eveui 
into pure water. In some cases, this is found to be the case ; it is 
Avell known, for example, thft the metals sodium and potassium 
are '\golcntly attacked by water, hydrogeii gas being evolved in 
profusion. But, in any instance, the displacci1!ent ^of hydrogen 
from an originally* i^utral solution must leave the liquid alkaline, 
and, if the hydroxide of the metal attacked happens % be sparingly 
soluble in the liquid employed, a layer of tli^ hydroxide will tend^o 
collect on the surface of the metal and will often protect it from 

1 V. H. Veley, Proc. Roy. Soc. 46 (1889), 21*6; J. Soc.]phem. hid. 10 
(1891), 204. • I - 
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further corrosion* «The f xact nature of the factors' which determine 
■ whether , a fi|^ ^f yixidCfOr hydroxidh “ protect ” the metal or 

not, have nevei* properly been investigated. It< is noteworthy 
that the*pres^Ace of chlorides — al/hough it does not, in geno^^.I, 
pr^vcntVthe ‘formatjon of an insoluble hydroxide— often causes 
the hydroxicje to a])ptf^r in a non-compact, coI?lpa^ati^f^lJ^ volu- 
mvious fo^’m which docs not protect the underlying metal from 
'further attack. The behaviour of chlorides in preventing ihe 

ssivHtion of ihctalsrljy anodic action is, of course, merely another 
manifestation of the same phenomenon. It is probable that the 
action of chlorides may be explained by a consideration of the 
interfacial tension of the materials involved, and should be regarded 
as due to the “ loosening ” or “ partial peptization ” of the oxide- 
film.^ 

In genc^ral, we can only expect a rapid and conflnmius attack 
of a metal by a salt solution in ceses where the hydroxide is freely 
soluble in the liquid in question. In the case of sodium, potassium, 
calcium and barium, the hydroxides are freely soluble, and the 
metals will continue to evolve hydrogen with violence from an 
aqueous solution for an indefinite period. The hydroxide of mag- 
nesium is soluble in ammonium chloride, and thus metallic mag- 
nesium will evolve hydrogen readily from ammonium chloride 
sAlutioiif' On the other hand, the hydroxide of aluminium is in- 
soluble in ammonium chloride, and, conse({uently, ammonium 
chloride has a slower action \ipon ruetallic aluminium and the rate 
of attack slows down as the liydroxidc accumulates. The majority 
of the metals above aluminium in the Potential Series have sparingly 
soluble hydroxides, and are only slowly attacked by neutral solu- 
tions. 

Corrosion of Metals by Alkalis. The same general considera- 
tions ap])ly to the question of the corrosion of metals by alkalis. 

The metals, aluminium and zinc, who.se oxides are amphoteric, are 
readily atta(;ked by a solution of sodium hydroxide, soluble^ alu- 
minates or zincates being formed. Hydrogen is evolved in pro- 
fusion, in spite of the low concentration of hydrogen ions in alkaline 
solutions. Magnesium, which formS no soluble compounds analo- 
gous to the alurainates, is comparatively unattacked by {\ftaline 
solutions. Iron becomes passive in dilute alk alipij r solutions, but 
is slowly attacked by hot concentrated caustfb soda ; part of the 
hydrogen produced penetrates into the iron, causing inter-granular 
brittleness. 

CorrosioiJ' by Cyaqides. It has been explained in Chapter 
K. Evans, Trans. Faraday *Soc. 18 (1922), 3, 
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IX that the PX. between* a giv. n metp^ ajic) a* fiolvtion in which 
that metal does not norrnali}; occur as a , catii^ni, is> ver^* diffejent 
from the P.l);*shown by the sf^mc mefcaA in a sohftion o{ its sulphafo, 
chloride. Towards cyanicle solutions in particular, the 
of several ihetals — like copper, silv^^r and gold — is much iov^er (less 
“ noMe'^’ ) than't/owards ordinary salt soluRons. Tt i i not surprising 
that these metals — which are unattacked by ordinary acidS'^^ai;e 
rdadily dissolved 'by a potassium cyanide solutiorj in the ^presence 
of air, oxygen being needed— at least in the cdse of gold— to combine 
with the hydrogen produced in the reaction. 

Corrosion by “ Water.” Far more important to the ordinary 
man than the rapid corrosion of metals by acids or alkalis is the 
slow change caused by the action of ordinary water upon the common 
industrial metals and alloys, such as iron, lead, brass and bronze. 
The corrdsion of these nijiterials will call for further study in the 
later volume's of this book, whdi the metal or alloy in question is 
being descril)ed, but a few general observations must be made 
at tlds point. The water used for industrial and domestic* pur* 
])oses, generally derived from rive rs e)r fre)m wells, is very different 
from the pure distilled watea* of the laboratory. It contains many 
substances in solutiem, mostly elerived from the rocks through 
which the water has passeel. Most e)f these are comparati^^cly inert 
substances such as calcium bicarbe)nate, calcium sulphate, raag- 
ne^siuni sulphate, sodium chle)ride and silica. Sometimes the water 
contains carbon dioxide, and has an aciel reaction ; sometimes, it 
contains sodium carbonate and is weakly alkaline. But, far the 
most important substance j)resent in the water — from the point 
of view of corrosion- is dissolved oxygen. 'Phe amount of oxygen 
in a water supj)ly depends very much on f he method of storage and 
conveyance, and also on th(^ organic contamination of the supply, 
being naturally least in polluted waters. Ihit it is practically 
never wKolly absent, and can, generally speaking, be looked upon 
as*thi^ essential factor in determining corrosion. ^ 

"rtie common metals, iron and lead, although capable of liberating 
hydrogen in grjseous form from distinctly acid liquids, rarelyi if 
ever, cj^use an evolution of Jiydrogeii in gaseous form from the. 
ordiimry industrial water, in which the hydrioij concentration is 
necessarily lo%^pencrally speaking, therefore, they*are but little 
attacked by waters Vhich have been freed from disi^lved oxygen. 
On the other hand, where oxygen exists in the water, it acts as an 
oxidizing depolarizer, removing the hydrogen as soon \s it is formed, 
and causing the corrosion to proceed apafc. It haul been proved 
that the action of dissolved oxygen upon the hydroxeij produced 
at the cathode of an^ electrolytic cell pVoduces not on w water but 
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also hydrogeiij pororftd|>.^i It is ^ not surprising, therefore, to find 
tha^. hydf Ggem pero>:ide k aometimejs^fourd upon the surface of a 
metal duripg the process of 'corrosiorp^ The presen(y3 of hydrogen 
peroxide ^has, indeed, been looked upon by some chemists as 
essenti^ condition foi corrosioi,\ ; but such a view is 'almost cer- 
tainly wrong ■f' the presAice of hydrogen peroxide is of 

Qorrtjsion — not the cause. 

^here are mapy indications that the mechanism ftf corrosion \s 
realiy electrochemical.*’ It has been shown that — whilst ordinary 
commercial iron rusts quickly if exposed to the combined influence 
of w^ater and oxygen — iron that is absolutely pure and uniform is 
unattacked utidcr the same conditions.^ The preparation of the 
pure uniform iron is, however, a most laborious process. The 
presence of any “ noble ” substance which is a conductor of elec- 
tricity always causes corrosion at the ])oint of contaeft. /The acci- 
dental inclusion in the iroji of tlie merest trace of platinum, causc'd 
by the use of platinum dishes in the preparation of the material, is 
sufli(?ient to cause the iron to rust. 

For ordinary purposes, it is useless to aiin at the ])roduction of 
a material so ])urc and uniform as to be free from corrosion. In 
almost any comniercial metal, there is sullicituit impurity to s(d- 
u|\a corrosion couple, and the rate of corrosion is determined by the 
sufJply of oxygen in the water rather than by the purity of the 
sample ; it is not always true that a highly impure sample of com- 
mercial metal will be corroded more quickly than a moderately 
pure sample of the same metal. But whilst the purity of the metal 
— as revealed by analysis— -is practically no guide to its behaviour 
towards corrosive agencies, the condition of the surface is im- 
portant. Metal articles which have been worked superlicially or 
highly polished are usually covered with a smooth skin of prac- 
tically amorphous matter of very uniform composition, and this 
uniform sldn undoubtedly [)lays a great part in preventing the 
inception of corTosion.** 

Numerous examples have lam recorded by engineers of •the 
acceleration of corrosion by (contact with a noble substance. In 
one case, an iron ])ipe buried in the gfound passed at a eertaip place 
through a cinder filling ; where the (under came in contact wi^fi th(‘/ 
iron, very mm*kcc1: corrosion was found to have occurred, the bouple 

Iron I Ground- water ] Cind(ft* 


^ F. Richarz/ind C, Lonnes, Zeituch. Phy^i. Chejn. 20 (1896), 145. 

® M. Kernbwiin, Compter Rand. 152 (1911), 1068. 

^ B. Lambe«/ and J. C.< Thomson, Trans. Cham. Soc. 97 (1910), 2426 ; 
B. LarfiberL frans. Chem. Soc. 101 (1912), 2066; 107 (1916), 218. 

* H. W. f/ownsdon, J. So(*. Chem. Ind. 59 (1920), 432r. 
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being set up A Again, where tha^steel a ship is in contact 

with a bronze casting, ispedial corrosio^i of sjeel jpractically 
always occur£> unless some p^ecaiiti(yn*is taken lo prevent it.^ * 
'^b^or is the presence of a second distinct materilil needed to'pro- 
duce the type of c()U})le wliicli leads to esp^icially rapfd*C(lrrosion. 
If a Mie>al is strained mechanically, the ^.1). at* the# surface of the 
strained portion possibly owing to the ]ues(MUX' of, amorphous 
rnetal— is slightly different from that at the surfact' of the unstraiuect 
portion. Consequently, a couple of tlu^ t}*f)e ^ ^ 

Strained 1 ,,, , I UnstraiiUMl 
Motal Motal 

is formed, and (corrosion sets in. As a result, corrosion is often 
found in pieces of metal which have been subjectfxl to strain, and 
which ha\x> pot been jnojKU’ly anneal(‘d afb'rwards. It has been 
found, for instaiKiO, in plates in which rivet lioles have been punched, 
that corrosion often occurs around the holes, owing to the strain 
set uj).^ Aluminium is ])a!-ticularlv liabk' to a most dcstructiv(^ 
type of corrosion caused by local straining, and all aluminium 
articles should be cand'nlly aniu‘aled Ixdon' being put into use.'* 
Although the presences of acidity in th(‘ water is not in gcaieral - 
a. necessary condition of corrosion, yet . if the electrochemical view 
(.)f corrosion sketched abovt' be accepbnl, it is ckvir tliat t^; coiK^n- 
tration of hydrion in a water is a vctv im])ortant factor in deter- 
mining the rate at which metals will be attacki'd by it. Waters 
(;ontainiiig carbon dioxid(‘ cause iron to rust cojisiderably more 
quickly than those free from acidic substances. Indeed, at one time, 
the j)resence of carbon dio.xide wars thought to be essential if the 
corrosion of iron w%as to occur : this vi(o\’ is now known to be 
wrongs hut the presence of carbon dioxide is oft(>n a very im- 
portant contributing caus(' of corrosion.*’ Magnesium (ddoride, a 
salt whiyh often o(x*urs in tlu' waters of desert ngioJis, confers, 
owing to hydrolysis, a distinct acid r(‘action u])on the waher Un- 
les^^ this acidity is neutralized, waters containing magnesium^ 
(;hIoride have a marked corrosive action upon iron pipes. 

Many other eonstituenls ol^ ordinaiy ' ta])-W'at(T ” liave a, coji- 
siderabic^ influence upon the rate of corrosion. In general, small 
amoflwts of dissolvtal salts, by increasing tlu' c*mluctivity of the 

’ VV. J3. Schiffre, Ainvr. Kkctmvhem. Soc. 22 (1912), 205), 

“ F, l^yon, Engineer, 115 (1913), 451. • 

^ C. F. Burgess, Trans. Amer. EJectrochem. .Soc. 13 (1908), 17; W. •H. 
'Yalker and C. Dill, Trans. Amer. Elecirnr.hern. SHe. 11 (1907), l^S. 

E. Boyn and O. Bauer, Mitt. Kgl. Mat. Prujungsamt, \9 (1911), 2, 

* V. A. Tildeii, Trans. Chem. Poe. 93 (1908), 13^0 ; W. H. Walker, J. Amer. 
Chem. Soc. 29 (1907), 1251 : E. HeynandO. Bauer, Mitt. Kgl^fat, Pmjungs- 
amt, 26 (1908), 1. 
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water, tend t^ favour ^‘cofrosion^ Not mfrequpitly, however, the 
presence #4 an (>xcfSi?ive quantity of sa\ts ii found to reduce the rate 
o\ corrosion— possfoly because it recjuces the solubility of oxygen 
in the water. ^ fn the case of iron and steel, the presence of sm^^I 
quantities M chlorides is favourable to corrosion because the 
'chlorides prew^nt'any ]l3saibility of the iron betoming •passive. 
Generally spealving, seawater is much more corrosive than fresh 
Svater. 

is A^ell known tha^ hard ” waters arc generally less corrosive 
than “ soft ” ones. The former usually contain the soluble but 
rather unstable salt, calcium bicarbonate (CaHa(C 03 ) 2 ) ; this is 
liable to decompose at the surface of the metal and a solid scale 
of insoluble calcium carbonate is produced over the surface, which 
is thus shielded from further corrosion. Not infrequently, the 
“ corrosion-product ” itself protects the surface of the*mfKal. The 
carboTiate and sulphate of lead both sparingly soluble ; and 
when ordinary hard water, containing plenty of carbonates and 
sul])l»ites, passes through a lead ])ipe, the metal soon becomes 
(iovered with an insoluble coating which prevents furtlier action. 
On the other hand, if the water be a soft ” one, and especially 
if it contains nitrites or organic acids, it will dissolve an appre- 
ciable quantity of lead ; and, if the winter be afterwards used for 
difliking ^)urposes, lead poisoning may result. 

Many metals such as aluminium and zinc appear to be invariably 
covered with a very thin transparent film of closely adherent oxide, 
which renders these medals much more resistant towards ordinary 
corrosion than might be expected from their ])osition in the Potential 
Series. 

Protection of Metals against Corrosion. In most cases, 
where a piece of metal has to be cxpos(‘d to the combined intiuences 
of w'ater and oxygen, it is advisable to take some steps to prevent 
corrosion. Occasionally— for instance, where water is required 
for a boiler — it may be possible to treat the water so as to reliefer 
it less objectionable. It maybe treated with an alkaline substance 
such as sodium carbonate or lime-water, so as to remove all traces 
of acidity. Or it may be freed frefm dissolved oxygen by pre- 
liminary heating, gr by treatment with valueless scrap iron, 
the boiler is cfinstructed of iron, a chromate is som^mes added to 
the feed-water^ in order to bring the iron to thfi passive condition. 

Except in the case of water for a boiler, however, it is generally 

^ See J. N. Filend and P. C. Bamet, ,7. Iron Steel Inst. 91 (1915), 336, and 
also J. N, FrieJi, Trans. CViem. Soc. 119 (1921), 932, e.spoeially ])age 937. 
Friend ihinks wiat the diminished solubility of oxygen carmot be the only 
factof in caw^ig the diminisht'd rate of coiTosion. 
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necessary to treat the mcial instead of trpatirjg the water. The. 
most obvious plan is to covfir tin? whole *sul*f ace of the metal with 
a layer of some less corrodible material, v lSich ma^ cc^isist* of anothi^r 
.^etal, or a coating of painter varnish. • * 

'YJonsidcr, first the method of protection by* a jikin a* less 
corrodible m^tal. Quite a niiniber ofj nfetais are iis’od, undei; 
different circumstances, to protect iron or steel objects from cor- 
rosion ; zine,^ niokcl, tin, lead, cobalt and copper haVe all foinrtl 
application for the purpose. So long as the coating of pi;otccyve 
metal completely covers the whole surface of the ii*on, each of these 
metals is quite effective. But if, owing to the existence of “ pin- 
holes ” in the covering, or through the wearing away of the jiro- 
tecting metal, the iron or steel becomes exposed at any point, the 
case ri'q Hires further consideration. Suppose*, for instance, a 
(Hivering of ^n upon a. steel ])late is not continuous, but contains 
numerous pin-holes, and that the surface becomes wetted with 
water containing oxygen, corrosion (H)uples of the type, 

^ Iron I Wat(‘r | Tin ^ 

are set up. Here iron forms the attackable jiolo of the cell, since 
tin stands above iron in the Potential Series. ^Hius the corrosion 
of the iron, at the exposed points, is probably more rapid than if 
the tin covering were absent altogether. The same applies^ to 
cov'^rings of co])pcr, nickel, lead and gold, which also ha^e noriAal 
electrode potentials more positive than iron. The covering is 
perfectly satisfactory if it is continuous ; but, if the iron is exposcnl 
at points, the covering is, in the neighbourhood of these points, 
useless- or even worse than useless,^ Some years ago, gold-plated 
steel nibs w'ere [lut on the market in America ; but it was found 
that the gold was soon rubbed away at tin* tip, and the nib then 
became corroded much quicker than an ordinary unplated nib.- 
When a covei’ing of zinc is employed, the state of affairs is different. 
A sheet ’of galvanized (i.e. zinc-covered) iron may have the iron 
esiposed at various points, and yet conqiaratively little corrosion 
of !he iron occurs. It is true that the corrosion couples • 

• Zinc I Water I Iron 

are up ; but, since zinc stands below iron in the Potential 
Seri?{#, the attackable pole of the cell is the »nc, not the iron. 
The P.D. at^e iron surface is changed in a negative sense by 
contact with the zinc, and the tendency of the ir#n to enter the 
ionic state is consequently diminished. Therefore the mere cont%,ct 

1 0. P. Wail is anil P. L. Deventer, Trans. Ainer. Electroche^t. *S'oc. 11 (1907), 
153. *4 

“ W. S. Landis, Trans. Khxtrovimm. Sor. 19 (191 * • 
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with zinc tends to preyent to s(^me e^sLer^t the corrosion of iron, 
even if t^e iron is expdsei in places. ^ * 

V l*his brings iis iif rurally tp anothelr method which Jias been used 
* consiklerabiy foi,* the prevention of* corrosion of iron and steely 
Zinc «pi^Cis are boKcd to different parts of the iron article, but lio 
.attempt is made to covof up the surface as a whqle. As^a*B3Sult 
of the corrosion couples set up, it is the zinc which is eaten away, 
>^,\lhilst tJie iron article is protected. The zinc ‘‘ protectors ” have, 
of y^ourse, to be ienewpd from time to time. The method appears 
to be quit(^ effective so long as the zinc surface is kept clean and 
bright. But, if the surface becomes covered with oxide, hydroxide, 
or some similar insoluble' com])ound, the (airrosion of tlu* zinc is 


To Dynamo To Dynamo 



interfered with ; the current falls off and the protective action 
upon the iron ceases. On account of this fact, the employment 
of zinc protectors for iron has tended to pass out of favour.- 

There is, however, another method of preventing corrosion which 
is, in principle, similar to that discussed above, but which dispenses 
with the use of the zinc protectors.^ ^ It is employeti, to some con- 
siderable extent, in the prevention of corrosion of marine co^itienser 
tubes, and is saii to be very effective. Blocks of cast-ir©n, A, 
carefully insuTiated from the brass tubes, are fixed !ff‘thc reservoirs 

^ According to L. Aitchisoii, Trans. Faraday iSoc. 16 (1921), 473, the pro- 
tective influence of zinc is p practice only slight. At the exposed points the 
iron is attache^ at approximately the same rate as though the zinc were 
entirely absent.! 

* F. Lyon, engineer ^ 11J5 (1913), 451. 

® *C^^o^and, J. hist. Mjet. 16 (1915), fl92. 
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with which the condensir tubes communica.tc (Fig. 89). The 
condenser tubes and the ironj^loct* are ji.hifd io afn electric battery, 
or to a dynamo, in such S, way that the -rtibcs ar(^ tlife (jat^odes tind 
Jbhe iron blocks are the anode?#. Since the current ts jitt'f^vided from’ 
ah^ exterio^i source, it does not tend to fall off 'vitlvMuj t-jme,»as in 
the ^iise of the current generated by 4 >f zinc protectors^ 

The condenser tubes, being cathodically polarized,' ‘are to a large 
eictent protecteck from corrosion. ’ * » 

The fact that the corrosion of a metallic bc^cly is largely ^ir^cveu^c^d 
when it is made the cathode of an electrolytic cell constitutes 
additional evidence that corrosion is essentially an eJectrocli(‘mical 
phenomenon. But it has been shown that -under certain ciicum- 
stances the corrosion of a cathode can ])rocecd, to a sniaJl extent, 
even wlien a considerable current is passing ; and this fact is rc^- 
garded b^ si^ne c^heinists as showing that corrosion is not entirely 
electrochemical in origin, and may proceed by direct chemicid 
attack upon the metal by sonuf sulistance dissolved in the water. ^ 
When one passes to consider the protection of metal ]>y paint 
or vSrnish, the same sort of considerations apply as in protection 
by a inetallic film. The ideal protect! v(i coat would be continuous 
(that is free from pin-holes), durable, impervious to oxygen and to 
moisture, and would have no electrical conductivity. Probably 
these conditions are impossible to realize. It is doubtful, dor 
instance, whether a coat of paint impervious to oxygen would ever 
di’} . ' At any rate, in practice, the phenomenon of “ iroji rusting 
below th(' ])aint ” is often met with. 'Phe ])aint vehicle has usually 
an appreciable electrolytic conductivity, and couples between the 
more reactive ami the more noble portions of tlu' metallic snrf?ie(^, 
of the type, 


Ueactive 

Metal 


bail it Vehicle 
containing oxygiai 
and moisture 


Nolile 
Particles in 
Midal 


aije freely set up, and corrosion occurs. It appeal’s likely 

that even in the absence of oxygen, an unsaturated constituenHi 
df the paint film (linoxyn) may absorb hydrogen and thus acts a a 
depolijrizer. • 

CIparly a vehicle which contains httle absorbed moisture, has a low 
conductivity, and is as nearly as possible impervious ko oxygen, will 
(other things'lGleing^qual) give the best protection from corrosion. ^ 

Some authorities consider that the pigment part^les themselyes 

^ G. 13. Bengough, R. M. Jones and R. Pirret, !)■. Inst. Mtt. 23 (1920), 128. 

« See W. C. Slade, J. Ind. Eng. Chem. 4 (1912), 189 ; N. A. Dubois, J. Ind. 
Eng. Chem. 5 (1913), 968. Also J. N. Friend, Cam. ScholXMem. 1 (19131 : 
B. A. Garduor, J. I'mnhlin^InM. 179 (19ir>), 313. 
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have a very marked effect upon the ratc^of corrosion.^ Carbon, for 
iustanoe, is a 'conduct(ar W electricity, and might be expected to 

apt»?as thtj'catkodVi, of the' cell. 

^ # 

Metal I I Carbon 

In actual fact, blac i paf.it, in which the pigment "is lampblSSk or 
graphite, has been found to causes corrosion at a very serious rate, 
^and such a paint should be avoid(‘d for protective purposes. (Tn 
thtV dher hand, wdicn K*ad chromate is used as a pigment upon iron, 
the rate of corrosion is extremely small, no doubt owing to the 
passivating influence of chromates upon iron. Basic or alkaline 
])igraents likewise tend to reduce corrosion. 

Corrosion through stray Electric Currents. In the neigh- 
bourhood of large towns and districts servi‘d by electric tramways, 
another ])otent caus(‘ of the corrosion of metal arises ni the stray 
currents ” which are found jjassiitg througli the ground. In tlu^ 
ordinary electric tramway the current is, as is well known, delivered 
by all overhead conductor, but is left to return to the geneiating 
station by means of the rails. The majority of the current un- 
doubtedly does return by this route, but a considerable proportion 
usually penetrates into the ground, and travels along any buried 
Wivter-pipes or gas-mains which happen to lead in the right direction, 
afterwards leaving the pipes in question and rejoining the rails 
nearer to the station. The proportion of the current returning 
by this indirect path will depend, of course, on the relative resist- 
ances of the direct and indirect routes, if the ground is damp 
and the connections between the rails poor, th(‘ amount of “ stray 
currents ” will often be con.siderabk‘. 'Fhe strength of the stray 
current passing along one (i-inch pi]>(‘ in N(‘w York was found 
in the year 1903 to be 70 amperes. 2 Now, if the stray current were 
to flow liack to the station along an entirely uujtallic path, it could 
do no possible harm to the pipes or rails which constitute the path. 
But wdicre the current has to pass across a certain length of damp 
ground so as to get from one pipe or rail to another, an electrolytic 
cell of the type 

First Pipe I Damp* I Second Pipe 
I (or rail) | Ground | (or rail) 

^ A rather ej^trenio view of the iraportanoo of tka pigment material is 
exprosfled by E. juiebrich and F. Spitzer, Zeitsch. Elektrochem. 18 (1912), 94, 
19^(1913), 295, and is criticized by G. Pfleiderer, Zeitsch. Elektrochem. 19 
(1913), 607, who consider^ that the conductivity of most pigments is too 
low and their contact too poor to allow them to act as the cathodic elements 
of corrosion-coipies. • 

* A. ‘A. l^njiKlson, Trans. Amcr. Ekctrocherii. Eoc. 3 (1903), 195. 
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is set up, and tne pipe or rail constituting, the •anode of the cell 

usually suffers corjiosion. Wherci the ift)nJis set in cement the* 
slightly alkaline character of the cement *is favojhahle to the ifoy 
J^ecoming passive, and the cormsion is usually less ^iadoh*. Nc^er- 
the^l‘,ss case^ have occurred in which the steeli gi#dei^ 4)^ f'wro- 
concrgte j)uildings have suffered sevendj^ al ^li^; result *of stray 
current, flic lead sheathing of buried telephone Babb's is also 
found to becoyie badly corroded owing to the same eaftse.^ • 

There are various methods of protecting b^iried inctals frym t^e 
elTects of stray currents. In certain cases, the metal can be painted, 
if possible with chromate pigments or pigments of a basic char- 
acter. Various mixtures containing tarry substances and hydro- 
carbons are also largidy used. It has been pro])osed in some cases 
electrically to connect all the buried metal pipes of the whole city 
to the rails qf the tramway systems, so that the stray lairrents 
should, in any case, return by a wholly metallic path.- Without 
adopting this rather “ heroic ’’ pf»li(;y, there is little doubt that the 
disastrous effects of stray currents can be reduced in various ways 
by prw.autions ex(‘rcised by the ])roy)rietors of the tramways. It 
may be remarked that where an alternating current is used for 
purposes of electric traction, instead of a continuous current, little 
corrosion is caused. 

Character of the Corrosion Product. When a jQctal \i 

atta^.'ked by an acid, a soluble salt is, in general, produced, and 
little or no solid (corrosion product is left on the metal. Where, 
however, a metal is corrodetl l)y a nearly neutral waiter, insoluble 
substances are usually found to collect upon the surface of the 
metal. Consider, for instance, the (‘lectrochemical corrosion of 
commercial zinc in water containing sodium chloride. In the short- 
circuited cell, 

^ I Sodium Chlorid(‘ I ^h)ble 
• I solution I Impurities 

zin« chloride will be formed in solution at the anode, and Sodium 
hydrbxide at the cathoile. Thes(‘ will dilfuse together, and interact, ' 
producing a slim^ precipitate of zinc hydroxide, or possibly a ba^ie 
chloridq, which will prol>ably Wing to the surface of the zinc. 

In the case of iron, there is an additional complication. Ferrous 
hydroxide, the corrosion product first formed, is perceptibly soluble 
in water, but it's sc^m oxidized by the dissolved oxygen present 
to the far more insoluble ferric hydroxide, which isf the essentij^l 

1 F. Haber and F. Goldschmidt, Zeitsvh. Ehktr^'hcm. 12 (1900), 49 ; M. 

Girousse, (Jomptvs Rend. 157 (191.‘1), 705 ; F. Bergius and P. Kruysa, Zeitsch, 
Elektrochem. 15 (1909), 712. . 

2 E. K. Rideal, Trans. Soc. Emj. 4 (1913), 243. 

M.O.— VOL. I. * 
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constituent qf ordifiary brown fust. ♦The hydroxide is, however, 
•usually jnixed witl| cavbohates, And if> the iron contains the elements 
\"iliCon, phosphorus or sulphur, mAy contain in addition silicates, 
phtsphat(^s' or^tbasic sulphates. * 

The. obaracter ‘of the corrosion product has a mort impor^Iant 
- influence on the sa]^>sequ;mt cotirse of the corrosioip If tlje product 
cliiUgs closely to the metal, it may form a protective varnish over the 
surface, and prevent further attack. A very slight variation in the 
c«sn(iitions may clearly make a great deal of difference to the pro- 
tective character of the material. Thus the presence of 1 per cent, 
of tin in brass causes a considerable decrease in the rate at which 
the alloy is attacked by sea-water. The reason for this is simply 
that, when the alloy contains tin, a layer of basic tin salt is (piickly 
formed which adheres to the surface firmly, and constitutes an 
impermeable varnish.^ , ^ 

In this instance, the ])resence of tin; corrosion product tends to 
])ut a stop to corrosion. 'Fhere are. however, many cases in which 
tlw\ existence of the corrosion jiroduct u])on the metal is actually 
favourable to further attack. Every one knows that when once 
iron has commenced to rust at a place, it is vauy difficult to stop the 
rusting at that point. There are various reasons for this, the first 
being very simple. If an iron ol)ject is exposed to a sliower of rain, 
foe rusty parts remain damp long after the rain has stopped, whilst 
the bright parts quickly dry ; hence, further corrosion is likely to 
take place upon the parts where rust already exists. Moreover, if 
the rust finally becomes entindy dry, the hydroxide may become 
converted to the oxide (FcoOa), which is liable to act as the cathode 
of a corrosion couple, on the jiext occjasion when the iron Ix'comes 
wetted. 

The above two explanations apj)ly in (^ases in which the iron is 
alIow(‘d ]}eriodicaIly to be(a)m(‘. dry. But rust seems to favour the 
continuation of corrosion ev(‘n wlicn the metal is constantly 
immersed in water. The reason for this appears to be that the rust 
prevents to a large extcjit the diffusion of dissolved oxygen to“ tlie 
portions of metal immediately below it. At first sight, it rnigiik be 
thought that corrosion would thf'reby be retarded, but it must be. 
remembered that the P.D. of iron is itself largely aftectea by the 
presence of oxygen. We may, therefore, get corrosion cells' of the 
type, ' ^ ••t, 

I Water free Water containing t 
I ron P Iron 

I from oxygen oxygtm 

set up. In this case it is the iron below the rust, to which the 
Desfh, TniH.t. Faraday F(r'. 11 (1910), i202. 
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oxygen has mt access, whicJl is attecked-^a J;eaift. qi>itc in accord- 
ance with the generftl ch^racfer of electri)clienic£il ^ctior*^ * 
In many of t]ie copper alloys, the ex»tencc of <)asic gtyper saW , 
the corrosion product is a j?otent cause of ount!fiued corrosion. 
Copper existt^ in two possible states of oxidatipn,*an(l a f'opilcr salt 
probabty 4icts as«an oxygcn-carricr or catfiyst,|if^d 1 ,hus promotes * 
the removal of the hydrogen, , • ^ 

General Cdrro*sion and Pitting. It is cuf^oniary amopg 
engineers to distinguish two general types of corrosion. If ^he 
whole surface of a metal tube or plate is attacked uniformly, so that 
the whole tube or plate becomes, in the course of time, slightly 
thinner, it is customary to speak of the ])henomenon as " general 
corrosion ” or ‘‘ general thinning ” ; this type of corrosion is usually 
slow, and causes but little annoyance. Hometiines, however, local 
and very ritjiicf corrosion occurs at a ftnv points, where tlie corrosive 
agejicy seems to bore into the mf tal, quickly jiroducing deep pits, 
and finally causing perforation of the tube or ])late ; this type is 
known«i\s ])itting.” Ikissibly between tlu* pits, the surface of^the 
metal may be almost unchanged, so that the total amount of metal 
attack(‘d in the type of corrosion known as pitting may not exceed 
tliat involved in “ general thinning ” ; but it is obvious that pitting 
will cause the failure of the plate or tube much more quickly. • 
1 'he cause of pitting varies in different cases. Many occurrences 
of pitting in steel have been attributable to the presence of mill- 
scale upon t he surface. Steel always conies out of tlie mill covered 
with a bluish- black scale, consisting maiidy of the oxide Fe304, 
caused by the action of steam and air on tlie hot metal. If tlie 
layer of scale is left untouched, the effect of the scale is rather to 
protect the iron than otherwise. Suppose, however, that the scale 
is mainly removed, but, through inadvertence, a flake is left on the 
surface her(‘ and there ; und(‘r such circumstance's coupk's of the 
tyjie 

• ^ Iron I Water | Scale 

may be set up at these points. Magnetite (F'e3()4) is a good (*e i- 
ductor of electricity, and is eraiiiently suitable to form the cathode 
of a cgrr?)sion couple. Hence corrosion takes place rapidly at the 
points \Chere the flakes exist, and rapid pitting occurs.^# Therefore, 
if the scale is Mnove^ at all, it should be removed completely. 

In other cases, the pitting may be occasioned by a frain of somi 
“ noble ” impurity occurring at the surface of ihe metal at the point 

* J. Aston, Trans. Amer. Electrochem. Soc. 29,(1910), 449. 

* G. C. Whipple and M. C. Whipplo, 8th Int. Cong. App. Chem. 21 (1912), 
155 ; W. H. Walker, Trans. A%,tr. Ekctrochem. Sor. 14 (1908) re2. * 
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in question, thx Ulunjin^im bronze, pitting is said to occur around 
the pari^'ales of t^eicomppund CiAl^. * If is stated that the presence 
bf raanganfse sulphide or forroiis siilphide in steel (v^casions pitting 
for*^ the same f^ason ^ ; certainly iron containing sulphur is verjv 
liable •vi sl^rioiis cWrpsion, but it is quite likely that t?hLs is dile to 
the sulphuriQ acfd^’deritred from the sulphide particles. 

IVhere the corrosion product has an especially favourable influence 
upon further corrosion, there is likely to be pitting. For in such 
cSv'es, ^f, through any'chance circumstance, corrosion commences at 
one particular spot, it is likely to continue at that spot in preference 
to others. In brass condenser tubes, it is most important that tht‘ 
basic salts which form the corro.sion product should not be allowed 
to adhere to the tube ; normally, they will be carried out of the 
tubes by the current of water passing through them, but if the 
water contains foreign bodies such as sand, coke, seaweed, or other 
d(5bris, these bodies may settle oi^ the surface of a tube, and entrap 
the basic salts, which will then facilitate further corrosion. If once 
corcosion is fairly started in a tube, it is very dillicult to ^stop it. 
Consequently, it is important, as far as possible, to keep foreign 
bodies out of the tubes. ^ 

Atmospheric Corrosion and Tarnish. Hitherto we have 
(considered the corrosion of metals which arc in contact, either 
contimmusly or periodically, with water. The atmospheric corro- 
sion of objects exposed to the weather in ordinary climates comes 
under this heading, for here the metal is periodically wetted by 
rain, and, as oxygen is always present, conditions are most favour- 
able for corrosion. 

It is necessary, however, to study also the changes in the surface 
of metals exposed to the air, but never brought in contact with 
liquid water. The words liquid water ” are used purposely, for 
th(; presence of watiT vapour in the air is, in most cases, essential 
for an^ change' at all ; even a highly reactive nu'tal liktf potassium 
remains urKflianged wh(‘n (*xposed to perfectly dry, pure air. • 

Most metals, however, undergo some surface oxidation •when 
exposed to ordinary damp air, the change being usually nton' 
marked in damp and hot climates. r The changes are nearly always 
accelerated by tjie presemee of acid gases, such as hydrogen chloride, 
sulphur dicJLcide and carbon dioxide, which occur in the atmosphere 

1 C. H. De.sch, Trans. Faraday Soc. 11 (1910), 202. 

* K. P. Grigorowitcli; Jiev. Met. 12 (1915), 242 (abstract). 

* G. Moody, Proc. Chem. ISoc. 25 (1909), 34. Whilst Moody's views 
on the general .subject corroBion are not usually a(N‘ 0 ])(od, he is j)robably 
right on thi/ particular point. 

G. Df Bengough, K. M. Jtones and R, Pifret, J. Inst. Met. 23 (1920), 104. 
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near many manutactiiring fowns^^and sometirgeS by*/the presence . 
of ammonia, which •ocenjs i» the* air near* stg hies. T];^<jse fact» 
suggest that tj^e changes really take j^lace in a* film of adsorWt^ 

'^ moisture, which is known to exist upon the metal, at^corc/lng to •the 
electrochemrcal principles discussed above. Po^ibly the Jpiesfince 
of thet ftci^l or alkaline substances mentioned se^vf\s to increase the • 
conductivity of the film. Further research upon the mechanism 
of'atmospherid corrosion is, however, needed. 

Usually the effects of exposure to the airfare extremely •slight. 
They arc most obvious to the eye in the case of metals like copper 
and lead which have coloured oxides. Both these metals darken 
and lose their lustre when exposed to air ; but the oxidized layer 
(the composition of which probably does not correspond to any 
oxide known in the niassive state) is really extrenudy thin. It 
becomes thicker at high tem{)eratures ; copper exposed to heat 
often shows the colours characteristic of thin oxide films. 

Zinc and aluminium, which do not form coloured compounds, 
alter l(^s in appearance as a result of exposure. Actually, however, 
they suffer superficial oxidation. Aluminium, as has been men- 
tioned, at once develops a thin oxidized skin, which, however, is so 
compact and adherent that it prevents further oxidation ; conse- 
quently aluminium usually keeps its metallic lustre better than 
many of the metals far above it in the Potential Series. • • 

On the other hand, when the corrosion product is hygroscopic, 
it may absorb water from the air and corrosion will continue at 
an increasing rate. This occurs in the case of zinc in the presence 
of hydrogen chloride, copper in the presence of ammonia, nickel 
in the presence of sulphur dioxide, and sodium in pure moist air.^ 

The Corrosion of Alloys. It has l)een mentioned above that 
the presence in a reactive metal of a noble impurity occurring as a 
separate phase, is likely to favour corrosion, by allowing the forma- 
tion of a Corrosion cou{)le. On the other hand, the presence of a 
nol^c metal in solid solution will -as long as it remains iTi solid 
solution — tend to retard the passage of the active metal into the • 
iodic condition. 

^Sorae of the alloys consistir^ of mixed crystals withstand cor- 
rosior^remarkably well. Monel metal, an alloy of nickel and copper, 
is far diore resistant both to acids and alkalis thai> either con- 
stituent. ** • 

Various elements, e.g. chromium, are sometimes ftdded to iro^ 
and steel in order to increase the resistanoe to corrosion. Steel 
containing copper also withstands the action of weather better than 
ordinary steel ; here it is possible that th^ copper isinot in solid 
1 U. R. EvAs, Faraday Sooiety (1923). • • 
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solution, but.forms^a con tinuou.^ netw«-rk, between the grains, thus 
yestrictij^g coirosicgi l5o fne outtaide hyej of ^/ains.^ 

^.^!the effect 'of gorrosion ,jon an ^lloy containing^ two metals Ls 
naturally 'rat hdjt complicated. Usi/ally the more reactive metal W 
preftrQntia^ly Uttjtcked, so that the surface layer beoo«nes inci^s- 
• ingly rich in tlwymore. nobl6 metal. Thus brjiss, af^cr*«being 
“ pickled ” in acid, is found to have a layer on the surface richer in 
'copper than the interior portions. A rather similar phenomenon, 
U9(i^ally styled dczuicilication,” appears to occur when brass is 
allowed to corrode in sea-water. A layer rich in copper is found 
at the surface of the metal, but it is thought by most investigators 
to be formed indirectly ; according to his view l)()th zinc and copper 
ar(‘ dissolved at first, and the copper is then redeposited (chemically 
or electrochcmically), a corresponding fiirtlier (juantity of zinc })eing 
thus brought into solution. Whatever tin' mechav\isnj, the cor- 
rosion is greatly accelerated at points where the corrosion product 
containing copper salts is allowed to accumulate on the brass surface, 
Tluvcoppcr salts appear to function as oxygen carricTs. The svdiject 
will be further discussed in the section on Brass (Vol. IV). 

Very interesting is the action of nitric acid upon gold-silver alloys 
at 115® C. When f of the atoms of the mixed crystals consist of 
silver, the acid dissolves practically the whole of the silver, the gold 
l/^ing k/t in a spongy condition. On the other hand, when only 
half of the atoms consist of silver, the acid is practically without 
action on the alloy, except at the surface. Apparently, th(', removal 
of half the atoms of a space lattice near the surface does not open 
up the alloy sufficiently for the acid to penetrate into the interior. 
If, however, | of the atoms belong to the soluble variety, penetration 
can occur, and the attack continues indefiTutely.- 

Does Chemical as opposed to Electrochemical Cor- 
rosion Exist ? From tlie ascertained facts of experimental 
electrochemistry, it may })e predicted that whenever a non-uniform 
metallfo surface is introduced into a conducting liquid, a current 
will flow between the cathodic and anodic portions, and wilh con- 
tinue to flow until the potential at these portions has become eqiftil. 
I'he equalization of potential may pccur either 

(a) through^ the accumulation of adsorbed hydrogens upon 
tke cathodic portions ; 

I ^ E. A. Ricliardson and L. T. llicharrlHon, Electrochcm. Soc. 

38 (1920), 221. , 

2 Soe O. Tammann, Zeit-sch. Amrg. (Jhtm. 107 (1919), 1 ; 112 (1920), 23 ; 
Zeitfich. Metallkunde, 13 (1921), 400. Tamrnanri lias worked out a most 
interesting th#jry of the ‘attack of corrosive agents upon solid solutions, 
whk'h is lot, however, universally accepteil. 
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(6) through the formation a protectjv^ oj#de-film, or , 
other pn^ective him, cm the ftnedij: portions. • 

• * ^ ^ * • 

Normally one«of these conditions ill •quickly fte arrived at, , 
' theje will be no lasting corrosion. If, however, neflher (a) nor (6) 
occur, the current must continue in(Jehnitely,tanS this rnuJt Involve 
the correfsion of the anodic portions. Cff thc\ two, factors which* 

would tend to bring corrosion to a standstill • • , 

• • • 

(a) The accwhulation of hydrogm at the^cathoiic jmtiom jnay 
be prevented, if 

(i) the conditions are such that hydrogen is evolved in 

gaseous form (e.g. from an acid solution), or if 

(ii) dissolved oxygen is able to combint^ with and 

(‘ontinuously remove, tin* adsorbed (invisible) 

hydrogen. 

{()) The, 'production of a protective fibn (total or partial passivity) 

^ is unlikely to occur it there are presc^it either ^ 

(i) substances which would tend to dissolve an oxide- 

hlm (e.g. an acid), or 

(ii) substances which would tend to loosen the him and 

render it non- protective (e.g. chlorides). ^ 

I • 

Thus, even if no research had ever been conducted upon the 
phenomena of ordinary corrosion, our experimental knowledge of 
the behaviour of single electrodes w'ould lead us to expect corrosion 
in the majority of conditions under which- -in practice— it is met 
with, 'idle fact that it has bivn shown ])ossible by Lambert to 
avoid (corrosion by obtfiining absolute ])urity and uniformity in a 
metal — although of no commercial importance, owing to the 
rigorous character of the- pri'ca-utious neeessary- is cmd.ainly an 
argument in favour of the electrochemical character of cor- 
rosion. • 

Vntil it has been shown dchnitely that corrosion occurs under^ 
ct)nditions in which the electrochemical theory would fail to pre^’ct 
it, or in a degree which could not be accouiit('-d for by that theory, 
there i8 little need for the so-called “ chemical theories ” of cor- 
rosion* In the view of the present writer, it is*difficult to find a 
single clearly^iifvestigated case which would force us to adopt the 
hypothesis of chemiJal corrosion.^ As soon as suchja case has been 
brought forward — and has Ix^en verified by investigators posscsifed 
of a complete knowledge of electrochemical theory — he will be 
prepared to accept the view that chemigal corros^n, as well as 
1 U. R. Evans, iting inter hig, 114 (1922), 370. 
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. electrochemidvl cotr^sion, can ocijur ; i# is /juite possible that cases 
of this kjij,d may^b^ btoii^ht upf in tke n^^ar fifture. 
vl^ is perfectly Vue that /certain investigators haye already ob- 

* tainid resi!ifts, iifhich- -in the view f)i these investigators — cannot 
be irftciijit’etcd Viptfti the electrochemical theory. In some of tliese 
•cases, facts have*' ]^ndoii,btedIy been brought to r light Requiring 
furtjier investigation, but it appears proliablc that this investigation 
would show them to be capable of explanation of. the electr^- 
che»{jiical theory? At iihe same time, it is fair to add that many 
authorities who have an undoubted experience of corrosion regard 
tlie unmodifii^i electrochemical theory fls unsatisfactory. Amongst 
others may be mentioned the members of the Corrosion Committee 
of the Institute of Metals ; the reports of this Committee ^ — which 
constitute a collection of facts of great value- - should bo studied by 
any reader who wishes to regard the subject from both standpoints. 

Even if proved to exist, chemical corrosion ” could really be 
regarded as a special case of ‘‘ electrochemical corrosion.” In the 
electrochemical corrosion of a divalent metal M by water containing 
oxygen, the following reactions occur - 

(1) at the anodic portions M = M" -|- 2c 

(2) at the cathodic portions 2H' -b 2c == 2H 

followed Jjy 

(3) 2H + 0 - H.,() 

The removal of hydrogen leaves the water alkaline, and conse- 
quently the metallic hydroxide is precipitated by the change, 

(4) M“ -f 2(OH)' - M(OH).> 
Adding uj) these four equations, we get for the total change, 

M -f 2H- 4- 2(OH)' + 0 -- -f- 

or, writing water in the unionized form (H,0), 

« M-f H2() + 0-:M(0H),. 

This is the final result of the changes. 

If now w(^ imagine corrosion to takt place in a chemical ni^anner, 
that is, without specialized anodic and cathodic areas, we»can 
imagine all tke stages of the change 

^ M -f H^O + 0 - M{OH)/ 

• 

^ W. E. Gibbs, R. H. Smith and G. D. Bengoiigli, J. Inst. Met. 15 (1916), 37 ; 
G. D. Bengough and O. F. Hudson, J. Inst. Met. 21 (1019), 37 ; G. D. Ben- 
gough, R. M. Jom s and R. Pilrot, J. Inst. Met. 23 (1920), 65 ; G. D. Bengough 
and V Stiiart, J. Inst. Met. 28 (1922). • 
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to occur at the same pomt^ of tho metallic s’jir5ace. 'It can then be 
expressed convenicfitly by tlie single eqiiaticn Just givm ; but, 
since the metajlic atoms arc in an unclmrgcd state befcve corrosi(6n , 
'' and in a charged state after ’corrosion, the change must stiJl be 
regarded a^ in a sense an electrical^ one— cvep altho’ugli anodic 

and hththodic areas are identical. Ono '^an Vi^refpre define the* 
hypothetical “chemical” corrosion as being elec trochemical Kior,- 
r(5sion proceeding* under conditions which allow the same areas to 
function both as cathodes and anodes. * * -<>* 

Various special forms of the chemical theory have been devised — 
mainly to account for the action of certain types of corrosion- 
product in siimulating corrosion. The accumulation of copper 
chloride upon brass which is immersed in sea-water undoubtedly 
accelerates corrosion. It is regarded as acting, in effect, as an 
oxygen-cc^TiA' according to some such series of changes as ^ 

4CuCl -f 0 •#: CuoO + 2CuCl2 
CuCl.> + Cu - 2CuCl 
CuCl“ -f- Zn - ZnCb, + Cu 

Similarly, the view has been ])ut forward that colloidal iron 
hydroxide acsts as an oxygen carrier in the corrosion of iron and 
steel. 2 But i!i both cases the observed facts can be explained 
equally well- in the opinion of the present writer— on th^ elect^- 
cliemical theory. 

Summary. Metals which stand below hydrogen in the Potential 
Series, are in general attacked by dilute hydrochloric or sulphuric 
acid, hydrogen gas being lil)erated ; the rate of attack is usually 
much more vigorous when the metal is impure, or where it is in 
contact with some more “ noble ” substance w ith a low over- 
potential ” value, a short-circuited cell or “ couple ” being set up. 
Metals standing above hydrogen cannot liberate hydrogen as gas, 
but arc in many cases attacked by oxidizing acids, such as nitric 
or hot concentrated sulphuric. • 

Some of the more reactive metals an‘. attacked by neutral or* 
aUialine solutions, but usually only in cases where the hydroxide 
.will be soluble ii\ the solutions^in question. ^Several comparatively 
“ noble*** metals, like gold and silver, are attacked by potassium 
cyamde in the })resence of air. • , 

Corrosion (5f*e^mmon metals by commercial or domestic water- 
supplies depends normally on the presence of dis^Alved oxygeij ; 
acid waters arc usually more corrosive tl\an alkaline, but hard 
waters usually less corrosive than soft. In the case of many metals, 

1 G, D. Bongough, R. M. Jones and R. Pirret, hist. (1920^, 101. 

* J. A. N. Friend, Trans. fJhem. Soc. 119^(1920), 932. • • 
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• chlorides, whidi kSep metals .active? greatly increase corrosion. 

Obntaot “ nobje ”* sijbstandfes which ^condtict electricity often 

^ so^s^up corrosion, and strain(»d metals often corrode oiying to couples 
set ftp neaV th#* point of straining* The anodic action of straj 
electfic*c{ir^entl} is* often very serious. « * 

• Sometimes t|io '^^jcr c»n be frcatcd so as to reduce its foprosivt 
powfr ; ad^lition of alkahne substances or of chromates (which 
render ii'on passive), and also the removal of disaolvad oxygen, afc 
eff^ivft remedi(?s ]Vlf)re often the rnetal is trt^ated. When iron 
is covered with tin, lead, niokcil, or copper, the coat must be con- 
tinuous, otherwise the “ couple set U]f at the point of exposure ol 
the iron will tend to favour coj-iusion. On the other hand, when a 
zijic (aiat is used, it protects tlu^ iron ev cji wher(> the latter is exposed, 
since zinc, stands bc'low iron in the Potential ISeries, The eniploy- 
juent of zinc “protectors.” and of electrocheinicfl ^cathodic) 
protection depends on similar principles. In tlie ])i-oteetion by a 
paint film, a nearly non-conducting, moisture-fref* film should be 
aimed at. The nature of the pigment is important ; any ftyru of 
carbon tends to aid corrosion, whilst (in the case of iron) chromates 
and basic pigments tend to reduce it. 

The presence of the “ corrosion product ” has an important (;lfect 
on further corrosion. If closely adherent it may shield the metal 
b#1ow ; *1 other cases, it may act (in one of several ways) so as 
to promote further corrosion. More especially, it may give rise 
to “ pitting,” which is far more serious than uniform “ general 
corrosion.” 

in perfectly dry air, most metals keep bright. In damp air, 
surface oxidation takes jilace. At ordinary temperatures the 
thickness of the oxidized film is small ; tin' dulling is most con- 
spicuous in cases like lead and copjier, nudals which, in other cases, 
form coloured compounds. Some n'activc metals, like aluminium, 
become covered with a clo.sely adhennt oxide-film, wliich. tends to 
make tJicm behave; like (juite “ noble ” substances. 

• The. question of the corrosion of alloys is complicated, ddn; 
addition of a “ noble ” metal as a separate phase tends to promote 
corrosion by causing a couple, whils^ the pr(‘se.ncc hi solid solution 
reduces corrosion. Thus a trace of copper in water tends t(f*favour 
the attack o^ stc^l, but coi)pcr dissolved in the steel materially 
reduces the corrosion. In the attack of acids upofT fltflid solutions, 
the relative an»)unt of the two constituents is all important ; if the 
more attackable constituent is in excess, it may be dissolved away 
preferentially, throughout the volume of the alloy ; if present in 
small amount|i, it is dissolved at the surface only, a protective 
layeffVichiin the more noble constituent being thus produced. 
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COKROSION OF /^ETAU\ 

Electroclieinical vvo’ild lead^ ub, most uf the 

phenomena of corfosioi^ wllich 5,re acf^uaily /)^)8erved-t ^^d it 
probable that* nearly all the "known (^ses of corrbsiop are oi*^c^ 
“ electrochemical type.” Sdbie authorities reg’ard tfhe el»?ctro- 
chemical ttieory as unsatisfactory and beii^'v^* iuMirftc^ jhemical 
corrft#io<i ; such “ chemical corrosion Cvtukl, Y>*wcyer, be regarded 
as a special case of “ electrochemical corrosion ” in w}\ich cathodic 
cCnd anodic areas are identical. 



(CHAPTER XV 
RADIOACTIVITY 

In 189(), Becqiierel discovered that conipoimds containing 
uranium emitted rays whicli were capable of affecting a photo- 
gra])hic plate in the same way as light rays, but which readily passed 
through black paper and other substances opaque to l^ght. About 
two years later, it was discovered that thorium and its compounds 
possessed similar properties, to winch the name “ radioactivity ” 
came^to be applied. It was also found, by Mme. Curie, that the 
naturally occurring ores of uranium contained other substances 
more radioactive than pure uranium itself. After much laborious 
work, she succeeded in isolating several of these substances, in- 
cluding one especially radioactive substance to which w-as given the 
na/ie of ^radium. The discovery of this sensationally active 
substance awakened great interest in the subject of radioactivity, 
although, it is right to point out, many of the properties of radium 
are possessed — in a less marked degree — either by thorium or 
uranium, elements which have been known for a long time. During 
the past two decades many other radioactive elements have been 
proved to exist, so that the nund)er now amounts to at least thirty- 
nine, whilst new discoveries are reported from time to time.* 
Many radioactive elements, like uranium and radium, are con- 
stituents of “ uranium ores,” whilst others, like thorium and 
niesotho^um, occur in ''thorium ores.” 

9 The nature of the rays given off by radioactive substances Juts 
been carefully studied by physicists. The principal rays can by 
dassified as follows : — • 

a -Rays. 'These have been shown to consist of small poslftively 
dectrified mo jing* particles (a-particles) ; each particle b(Brs a 
positive electric charge equivalent to twice the ne^ft^e charge of 
in electron, whiist the mass of the particle is about four times that 
)f fhe hydrogen atom. J[t is practically certain that an a-particle is 
dentical with the nucleus of the helium atom, that is to say, with 

^ for instffnee, O. Hahn, Ber. 54 (1921), 1131 ; A. Piccard and L. 
Itahel^ Zeitsch. 23 (1922j, 1. 
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the atom of the’in^rt gqis lielium ^bereft of tw(^ ©lectji^ns. Gaseous 
helium has been shown t(j be formed in rjfHidactive changes in whiah 
a*rays are given out, and a quantity of pcMuded Jieli&m is invari«ij^ly 
found in uranium ores ; apparently, the helium formed by the' 
union of electrons with a-particles. when the l^te» aru i>rr,ested in 
theiv icourse. , ^ M » 

/1-Rays. These consist of negatively electrified mov,ing parthdes 
(■J^- particles) 'much smaller than the a-particles. It is practically 
certain that the /^-])articl(‘s are nothing 1)11*? frceYdectrons*. ^ • 

y-Rays. These do not ^appear to consist of particles at all, but 
are probably closely coniu'cted with X-rays. As already explained 
in the introduction, X-rays are waves ])roduced when rapidly 
moving electrons cathode? ray particles ”) are brought to a stop 
by a metallic surface ; the disturbance caused by the moving 
(dectronsito “the electrons of the metallic atoms appeuirs to be the 
essential cause of produedion of^he* X -rays. Now, when an electron 
(or /j-particle) is ex])cllcd from the nucleus of a radioactive atom, it 
probjibly causes a disturbance of a soimnvhat similar chaikcter, 
It is not surpiising, therefore, to find that y-rays — very similar in 
])roperties to X-rays -are generally ])roduc(‘d during the liberation ■ 
of the /j-particles. 

d-Rays are ])]’ol)al)ly merely /j-rays moving with very sn^all 
velocity. They need not be discussed further. 

Properties of a-, /)- and y-rays. It has been stated above 
that the rays w(‘re first recognized by their action upon tlie photo- 
graphic plate, /i-rays have a very jiowerful action upon the plate, 
y-rays a rather less marked effect, whilst forays are the least active 
of the three in this respect. As m tin? (‘ast‘ of the effect caused by 
light waves, there is no immediate visible change in the appear- 
ances of the ])late, [)ut when the plait? is subsequently treated with 
a “ devglo[)er,” it dai'kens wher(‘ the rays have fallen upon it. 

More striking is the effect of th(‘ rays in causing c(*rtain |>Iios|)hor- 
es(;pnt substances to glow. Gei'tain forms of zinc sulphide IfecouH? 
luminous when ex])osed to a-rays. If a screen coated with zi n 
. sulphide is phfced near to a radioactive body, which is giving off 
tt-parlicles, a visible flash is ciiused at t he point of impact when each 
seplinate a-particlc strikes the screen ; by mt'afis of a microscope, 
it is possible count the a(?tual number of particles striking a zinc 
sulphide screen dui^ng a given time. ^ fi- Rays and ;'^rays also render 
the same substances luminous, but to these rays zinc silicate and 
barium plati nocyanide are more sensitive than zinc sulphide. 

1 Sir W. Crookes, CJicui. Nrws 87 (1903), 241; K. Pyitherforcl and H, 
Geiger, Proc. Roy. l^oc. 81 (1908), 141. » ' , ^ 
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The a-, p- Vjid 7 -^ays differ m^st re^arhably in their 
penetrating matter.^ "^he^a-raysp, consisting oft helium nuclei, are 
ea^iJy stopped hy'paatter * Jhe j^-paiticles, being merely electrons, 
*havei rather mgre penetrating po\« 3 r, whilst y-rays, which are 
probably 4' j;ion«ma4erial ” in character, have still greater powei^of 
passing through siillsfan^es thdt are usually considered ^opaque. 
In aU cases it i.4 to be noticed that substances of high atomic weight 
like lead stop the passage much more effectively, than substances 
of k)w atomic wiight,'iike aluminium. Gaseous* substances — such 
as air — have naturally far less stopping power than solids, although, 
in the case of a-rays, the diminution of velocity by even a thin layer 
of air is very serious.^ 

It must be understood that the a-rays produced by one radio- 
active element may be expelled with very different velocity from 
those produced by another, and consequently the a-r^ys will have 
different penetrating power in the two cases ; the same is true of 
/1-rays and y-rays emitted by different substances. The following 
remarks by 8 oddy are quoted “ in order to give some rough idea of 
the relative absorption of the three types of radiation : — 

“ The a-rays are most easily absorbed. None are able to pene- 
trate a piece of ordinary paper or a few centimetres of air at 
atmospheric pressure. The /1-rays go through thin metal foils with 
ea^, but^are for the most part absorbed by a millimetre of lead. 
The y-rays are able to pass through a great thickness of metal 
without complete absorption. The more penetrating types arc 
those of the thorium and radium series, and for these every 1*4 cm. 
of lead cuts down the radiation to about half its initial value.” 

If, as is generally believed, the particles penetrating any medium 
actually pass through the component atoms, one might expect 
some change to be produced in the medium also. Actually this is 
found. The most universal effect is a heating of the medium, the 
kiiK'tic energy of the a-particles being given up, as they .stop, to 
the molecules of the medium in question. The rise of temperature 
paused by radioactive change is quite appreciable and is largely 
due to the kinetic energy of the a-particlcs.^ Sometimes, howeveiv 
the a-particles -will produce other more striking effects, the atoms * 
composing a molecule being, as it were, knocked away froifti one 
another by the piojectiles ; thus a-rays, passing through w^r, 
cause decomposition into oxygen and hydrogen. 4 ii«iother cases, 
the decompositi(:)n may be of a sub-atomic character ; it has been 

t 

^ The manner in which ^ the velocity of a-royf? diminishes during their 
flight is described by H. Geiger, Proc. Roy. Soc. 83 [A] (1910), 505. 

* From F. Soddy’s “ Chemistry of the Iladioactive Elements ” (Longmans, 
Green & Co.). # ' 

'Kuthfrford and H. T. Barnes, Phil. Ma§r 7 (1904), 202. 
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found that when a^rays.pa^ thro^jgh air, or aijy otl\(<r gas, the gas . 
becomes a conductor of e^ctricity.* Thisf^jphcnomenon is apparently 
due to free electrons being “ knocked ^way froin ”^the atoms, end 
the gas thus comes to contain negative ions electrons )» and ’ 
positive ions (the residues of the deeompused p^oms or^ molecules). 
The “ionization ” of a gas by a-ray?5 will 1^ fdr^hiir discussed below,* 
because it provides a means of measuring tne degree of radio- 
activity of a ^ub^ance. It may, however, be mentioned here tiitft 
both /5-rays and y^rays are capable of produdifng ionization yi a gas, 
although naturally to a much smaller extent. 

The majority of the a-particles appear i/O be but little deflected 
in their course by the atoms through which tliey jjass. Probably 
these comparatively undcflectcd a-particles do not [)ass near to the 
nucleus of any atom. A very stnall proportion of the wliole sufler, 
however, very marked deflection in their coui'se ; a certain number 
are thrown off at right angles to their former direction of motion, 
whilst a few ai’c oven more deflected out of their course, deviations 
of loik’ liaving been observed in tin* ])assage of a-rays through ^gold 
and silver foil. It is thought that each of these violently dellectcd 
particles must have passed very close to the positively charged 
nucleus of some atom, and thus has come within the zone of electro- 
static repulsion. It is, in fact, mainly upon this violent deflection 
of a small proportion of the ])articles that our knowled‘je of t\ie 
nuclciis is based.’ 

We have just seen that liombardment with «-particles may 
cause 

(1) Increased molecular moveimmt (heating effect), 

(2) Disruption of the molecule (e.g. decomposition of water). 

(3) Disruption of the atom (ionization of gases). 

There is, howeveu-, a further possibility, namely 

(4) Disruption of the atomic nuckms. 

Huthcfford- has lately shown that when a-rays arc passc‘d through 
nitrogen, swiftly-moving charged particles (“ H-])articli‘j’%") are 
emij/ted, which are probably identical ^vitll tlie nuclei of hydrogep, 
axioms, 'These particles are thought to be formed by the brej*’ - 
^down of the nitrogen nucleus, and thus the fourth possibility 
mentifl^ied above has been Realized. The discovery marks the 
app?tr«nt solution of a problem w4iich has attraated the attention 
of mankind early times, namely the artificial fransmutation 
of one element inttf another. 

^ H, Geiger, Proc. Boy. Soc. 81 [A] (1908), 174 ;*H. Goiger and E. Marston, 
Phil Mag. 25 (1913), 604; E. RiVhorford. Phil Mag. 27 (1914), 488. 

^ >Sir E. Rutherford, J*roc. Boy. Bor. 97 (]92(»),<}7 1 ; Sir k^Kuthorford and 
J. Chadwick, Phil Mag. 4^ (1921), 809. 
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It is impoAant to note that such*aif'^‘ artifickl transformation ” 
of one normally ‘sta'bU) chment.Viit^ogon) int^o another has only 
rec(jntly •h*een ^achi^ved, ttnd only takes* place apparently under. 
e.T^^tionaJl'y (^s^ic trealment, ^mely the borfibardment by* 
a-pay, fields pio’yn^at the rate of 12,000 miles per second. It i»ust 
^not be colifused wijbV l!he^‘ spontaneous transformations ” met with 
in the radioactive/ elements themselves, which will shortly be 
described ; 'these latter transformations— -which have been kno^v^n 
for, two decade;jr -talv^j place continuously and ^spontaneously, and 
are Tinaffected by the conditions under which the radioactive 
elements exist ; in fact, it does not se/3in to be within the power 
of man either to accelerate or to stop the spontaneous processes. 

The Measurement of Radio, 
activity. In order to obtain a measure 
of the intensity of the rajlioactivity of 
a substance, the power of i()nizing air 
possesst3ci by the different rays is gener- 
ally employed. A simple form of the 
apparatus used is shown in Tig. (fo. It 
consists of two chambers constructed 
of metal, the upper one being known as 
the electroscope, and the lower one 
being known as the ^Aonization cham- 
ber.” 

In the electroscope', an upright strip 
of stiff metal M is su])ported by a plug 
of sulphur, S, the sulphur serving to 
insulate the strip from the casing of 
the apparatus ; at tln^ u[)per end of the 
strip, a piecii of very thin “ aluminium 
Hctivity. leaf,” A, is attached, the lower end of 

the leaf being free to fly outw<^rds from 
the strijj. The ionization chaml)er contains two horizontal jjlates 
rof metal ; the upper one, Pj, is connected, through the sulpffur 
plug, to the metal strip M of the electroscope, whilst the lower opp, 
P 2 , is connected to “ earth.” • ^ 

The bent rod B, also insulated fnlm the metallic casing<can be 
turned at will so ms to touch the strip M. If, when B is in gofltact 
with the strip M, a rod of shellac, which has beeii electrified by 
rubbing on fla^inel, is brought into contact with the upper end U, 
both the strip and the aluminium leaf become electrified also. 
Owing to the mutual repulsion between like charges, the leaf flies 
outw^ards froijf the strip^to a considerable angle ; its exact position 
j can^be observed through a window (V^J) in the metal casing by 
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means of a micrt)S(t)pe with a micromei^er s(/ale. The rofl 

B is then twisted j^ain so tj^at i^»no loaget tou(fheythe strip. ^ 

, When once “ charged*’ in 4;his way, 1>he electroscope %eep% its 
^ charge very (so long asjbhe ionization cheiifber •aontains*nc 
radioactive^ substance) and the leaf continues ^nc^nt ^i^;\^aiids a1 
almo^st the same angle for many hcJurs. ^’hrt’(|i|, howcvdr, a small 
leakage t)f the*charge to earth, cither aloiig^the Surface of the 
si/lphur plug, ^ or through the air, and consequently the Teaf ten(!,i tx: 
drop slowly towjjjrds the strip M, the ra1|f of jnovemer^t boinji 
measured by means of the microscope. 

If, on the other hand, radioactive substance be placed on a 
little tray on the lower plate Po, the air in the ionization*chambei 
will become “ ionized,’’ and the rate of leakage of electricity from 
the upper plate to the lower plate (and thus to “ earth ”) incrcasej: 
very much, as is shown by the increased velocity at which the 
aluminiuift k?if falls. The rate of fall of the leaf, observed througl 
the microscope, serves as a measure of the activity of the substance 
placed in the tray. The instrument must first be “ standardized ’ 
by n(Aing the rate of fall when some “ standard ” radioactive sub 
stance, such as pure oxide of uranium, is placed in the ionizatior 
chamber ; it can afterwards be used to examine the activity oi 
unknown materials. 

For accurate work, various refinements may be introdijced ii:^( 
the aj)paratus, but the simple form just described gives results 
sufficii'utly good for many purposes. 

Changes Occurring in the Radioactive Substance. From 
the point of view of the chemist, the actual rays given out bj 
radioactive substances arc of much less interest than the remarkabh 
changes which occur in the substances themselves -chang(‘.s wind 
are evidently closely connected with the loss of the a- and fi 
particles. 

When ^ solution of freshly purified uranium nitrate is allowed t( 
stand for a few days, it slowly gives olf a-rays, and there apjiears ii 
tli5 liquid small quantities of another metal, uranium Xj, wind 
w|is not there before. Uranium X ^ differs from the original uraniu . 
^(“uranium I,”<is it is called) in chemical, as well as radioactive 
properties. For instance, if a^ittle ferric salt is added to a solutioi 
containing uranium I and uranium Xj, followed by excess o 
ammonium (mujbonate, the whole of the uranium Xj is precipitated 
along with the iron,*whilst the manium I remains solution. 
filtration, therefore, it is possible once more to free the solutioi 
from the impurity (uranium Xi) and start again with pure uraniun 
I nitrate. After a few days, •however, ij is foun^ that a fresl 
amount of uranium l^s appeared in the solution, nor iS^am 

M O. — VOT*. T. ■ • F F 
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ilieans knowii- wht^reby this transforlii-ation Ol •uranium I into 
uranium can he piovetitcd. 

Uraniifm Xi,ainlikc urasiium itself, yields no a-rays, but gives 
iei^bly ppnetmtmg /9-rays ; in doing so, it gives fise to another 
substance uranium. X 2 , having chemical properties different from 
those of ditlier uroptnn I or iirMiiiim X^. Uranium Xo has very 
considerable fi-'ray retivity, and each atom, as it loses a //-particle, 

. lw‘Comes converted to a fourth substaiKU', uranium II, indistinguish- 
able in chemical prcvprties from the originaK uranium 1, but 
diffei*n‘ig in radioactive character. Uranium II is believed, in its 
turn, to become transformed to a substance known as ionium, which 
appears, cn due course, to give birth to radium. It is practically 
certain that the radium which is always found in uranium ores has 
bec'ii formed from uranium in the course of ages in this way. 
The growth of radium from uranium has now^ beisi demonstrated 
in the laboratory.^ 

The Unchangeable Velocity of Radioactive Change. Before* 
tracing this curious ‘‘ g(‘nealogical table ” any further, it is well to 
inquire whether the transformations, which have just fx'on de- 
scribed, could not be accounted for in a ])urely chemical manner. 
For, although uranium Xj may differ from uranium I, it does not 
differ in nearly so striking a fashion as sodium chloride differs from 
so hum metal and chlorine gas. The cfiange of uranium into 
uranium X^ does, however, se(‘m to bt* essentially diffei*ent from 
that of “ Sodium -f- (■hlorine ” into sodium chloride. For the 
change proceeds in the first ease in one direction only. Uranium X^ 
can never be turned back into uranium I, whereas sodium chloride 
can be decomposed once more into sodium and chloriiK^. In another 
way “ radioactive* transformations ” differ v(‘ry much from ordinary 
chemical chang(‘s. Radioactive proce.s.ses go on at. a. velocity which 
is entirely inde'pendent (»f tem[)eratui'(‘, of the* pi’csence or absence 
of solvents or catalysts, and even of the* state of (iombiqation in 
which radioactive* ele*ment e>xists ; a given quantity of uranium 
gives rise te) the same amount of uranium Xj eaedj day, wlieyihr 
the uranium exists as nitrate, as chloride, or as pure metal. On thp 
other hand, the velocity of ordinary chemical processes is, as a rule, , 
, greatly affected by changes of temperature, whilst the presenRe of a 
solvent is often ao determining factor in the change. One rf?efems 
justified, therefore, in thinking that radioactive cha^igtis are essen- 
tially different from chemical changes, and the only explanation 
which appears to fit all the facts is that radioactiv(^ changes are 
“ sub-atomic ” in character. 

The rate at which one radioactive substance (the “parent”) 

^ 1 F- '*Sod(W and A. F. R. Ritchiiis, Phil. Mag. 30 (1915), 209. 
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gives birth to alioTher has-been shown to be el^sei}; conneclea wfth 
the rate at whichtthe jgareut snbstanei; siJncfs forth a- par tic lessor 
, j^-particles. There seems to be no doiibf that it ts onl}^ tffose ^toms 
of 'the parent which have Wst an a-particle ci^ /^-particlc^ *thaf 
b(?come transformed to the new substance, ot^icr^iiioyift^of the 
parget remaining unchanged. TRe pro^orflifi#:)! tlie atoms of 

parent ” substance, which becou'iC traiisffc med eacli minute, 
varies, how(?,ver,^ remarkably in different cases. It i^*eustomaiy*t() 
express the ratc rof radioactive changeof a^jbstiviice liy sl^ating Iht; 
time required for half the sui)siance present io uiidergff trans- 
formation. This is called the “ period of half-change.” The 
period of half-change of uranium 1 is 0 x 10‘* years ; ilf would be 
necessary to wait Ox 10» years before a uranium J preparation 
could become half transfornu'd to uranium X^. Thorium has an 
even longer j)eriod of half-eliange, about 1*7 x years. On the 
other haftd, uranium Xj has a period of 24‘(> days, whilst the period 
of uranium Xo is 1 *1 minutes. •Nor is this by any iiieans the shortest 
period known, A substance called thorium ( ■' suffers half-(jjiange 
in about 10“’^ seconds ; clearly such a substance cannot be isolated, 
our belief in its existence being founded on indirect evidence. 

During the period of half-(;hange, exactly one-half of the atoms 
whicl) existed in a preparation at the start suffer change. Thus, if 
we start with a fresh ])reparation of uranium X^, at the gxpiralion 
of days one-half of the atoms of uranium Xj have suffered 
change to uranium X,, and one-half sui’vive. At the end of a 
further 24'() days, one-half of the.se surviving atoms luive sufft‘ri‘d 
change and only one-(piarter of the original atoms remain. At the 
(Mid of a third period of 24-{) days, w^e hav(^ only one-eighth of the 
original number surviving. We can write' this result in tabular 
form thus ; — 

After 24-G days, \ of tin* atoms survive. 

After 2 24'() days, [ of the atoms survive. 

®After ,3 x 244> days, J of the atoms survive'. 

After 4 >. 24-6 days, ,V of the atoms survive. 

After 71 X 2-^'G days, of the atoms survive. 

t 

• 

Th^ i^iuount of uranium X^, therefore, gradually diminishes until 
it becomes ijgaiipreciably small, unless, of course, thefe be uranium I 
present, from whicR fresh uranium Xj can be forijied. 

Some physicists prefer to express the radioactivity of an elenf^nt 
by means of the “ average life of an atom.’* The average life of an 
atom — that is, the average of the periods (juring why^di all the atoms 
of a substance survive ||L*fore suffering transform atioi^ inti^^some^ 
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oilier substanco;— is Always 1-443 times “ pericJd ©f half -change.” 
Thus the “ avefbagfe ifieT of the nraniym Xj atpm is 
^4-6 X *1*443 — 36*5 days. 

Th(? period of falf -change gives a fery good idea of the relative 
radioacW/hy ofUlit different radioactive elements. Those wilh 
long periods cloar.lyl:*hangef only slowly, and thus sen4 out CQmjiara- 
tively few a-rays or /?-iays, as the case may be, whilst a similar 
quantity of a short-period element sends out rays < much more 
profui^jy. More6ver, l^iie a-rays sent out by tlic slowly-changing 
elements have a much lower velocity, and consequently much 
smaller penetrating power, than those 'provided by the elements 
whicli change rapidly. In fact it is possible to calculate the period 
of half-change from the velocity of the a-rays expelled from the 
substance — a method very useful in cases, like that of the thorium 
C' referred to above, where the period cannot be determined directly. 

Since, therefore, the short-period elements are much more active 
than the elements with long periods^ it is easy to understand why 
radiun, which has a period of half-change of only 1,690 years, should 
be much more active than uranium, which has a period of 6 x 10'^ 
years. Of course those members of the series which have half- 
change periods measurable in days or hours, would — if they could 
be prepared in the same quantities as radium—constitutc an even 
meffe pob nt source of radioactivity. But preparations contauiing 
such bodies necessarily have only temporary activity, and soon 
become transformed to other substances. Moreover, there is no 
means of obtaining short-lived bodies except in very minute quan- 
tities, since, owing to their very instability, the short-lived bodies 
exist in the ores of uranium and thorium in much smaller quantities 
than the long-period elements. 


Radioactive Series. It is now possible to resume the study of 
the “ genealogical table ” of the elements derived from uranium I 
as “ ancestor.” The most probable version of the facts is given 
below ill tabular form.^ The table also shows the somewhat 
Analogous series of elements whi(;h spring from thorium as original 
ancestor. Subsequent w'ork may show that the two lines are really 
separate branches, as it were, of the s^mc family ; but the facts, so 

far as they are known at present, do not indicate this as being*lik^ly. 

* • 

* J. H. L. Joliitlitone and B, B. Boltwood, Phil. Mag. 40 50, consider 

that the series as hero given does not account for all th^, facts. They consider 
vaijous possible m# difications of the table, with special reference to the point 
where the “ branching " of the series into the radium and actinium branches 
occurs ; but they conclude <ihat “ none of the theories appear to satisfy the 
necessary requirements." Conceivably the actinium family forms a series 
distinct from the^raranium family. See Gf. Kirsch, Phya. Zeitsch. 21 (1920), 
452 ; ^A. Piyjard and E. Stahel, Phys. Zeitaef^ 23 (1922), 1. 




’ The letters a or /) plae-ed beskle each of the arrows indicate whether 
an«a' or /^-particle is expelled at the moment of the transformation 
in questioi^ ^t will be noticed that uranium fl gwes rise to two 
separate procfucts,^nd the scries branches at this point. There ls, 
however, a little doubt as to the exact state of affairs here. Lower 
down, another parent, radium C, also gives two products, one 
through the expulsion of an gt-particle, and the other through the 
expulsion of a /?-particlej but here it is pfobable tiflit each jjroduct 
gives rise to radium D at the next st^p. A similar “ branching 
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to two 

. TkW of tho eU^iints incKrtled in the table just giveei are gaseous 

laStXif emanation, actinimn 

emanatwh.aAd tLorit^u* cmanatign. All these are chemically inert 

gases, similar mChej?iical firoperties to the inert gases of OroVb 0 
. of .the Penod.o Table, but very active in producing mys ^mos^ 

Sri-il'” ” »!“ ” P'»l..c«l 

When a salt of radium is dissolved in water, and a current of air 
la passed through the solution into the ionization chamber of a 
charged electroscope, it is found that the air has become a good 
. oonduetor of electricity, for the leaf of the electroscope drops very 

th it some of the emanation or radioactive gas, wMch, is beinc 
produced cont.iiiually by the radiuiii of the solution 
Although chemically inert, radium emanation is unstable in the 

Sd ""'T' r"f to atoms of the 

solid radium A which in (rirn gives rise to radium B ; and in due 

. cprse radium (1 also appears. These substances cling to the walls 
- he vessel containing the emanation, or settle to the bottom 
forjiing an ■ active deposit.” The production of an active deposit 
on a substance immer.scd in radium emanation occurs most readily 
if the substance iii question is negatively electrified. If, in the 

sZr’T AT* «““aition is afterward! 

swept out of the ionization chamber ” by a current of ordinary a ir 

the electroscope, continues to indicate the presence of radioactive 
substances which are, in fact, the radium A, radium E and radium 0 
chnging o the plate and walls of the chamber. All these substances 
mb-just because they are highly active— they 
are short-lived, and finally ehangc to the comparatively long-lived 
and very feeb y active sub.sfanee, radium D. Howevel evfn this 
Mibstancc undcrgoc.s a slow transformation, radium E being pro- 
iruccd; radium K changes into polonium (or radium F), which in 
turn produces radium 0, the ” end-product ” of the .series ; radium 
G IS indiHfrnguishable in chemical properties from pure lead, and • 
It 18 probable-as will be shown below— that much of the so?calIod 
lead whieh,is always found in uranium ores, is really radiilm G 
It should be pointed out that the quantity pf a'cfSAe deposit is 
sually so smalP as to be absolutely invisible ; its presence upon 
the surkce of a substance, or on the walls of a vessel, is only detected 
y the lomzation and other effects produced by the rays given off. 

Ra^oactive'Equilibrrum. If a mass.of uranium I is imagined 

to be taken and shut up for a^few mihion years in a place from which 
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none ol the ra('nil^)ors ol % 0 sefies (n^t twc'ft tiie radium 

^ emanation) can escape, tt is*glear that i*i the Inwrscj of tipe, all fht? 
members of ihe scries down to radifim G, tlto i)nd^)rodiictt# wil] 
m|ike their appearance. At first, the later nmiffl)ers of tl:^e*series 
will be ]iresent only in small amoiints, but ^gr^ually (Quantities 
of Jh*es« later nnembers will increase, uf!til a ^tatf.of “ radioacti\^e 
equilibriinn ” is arrived at. Tn a state of “ radioacti vcii?qiiilibiinq),” 
the amount of eVery member in the series, ^xcept the ffrst and last, 
remains approximately constant, the mind)er of atoms of given 
substance lost, during any given time, through change into its 
“ offspring ” being roughly equal to tlie immber of fr^esh atoms 
derived by the transformation of the “ parent.” For instajice, the 
number of atoms of ionium turning to radium (Xich day would be 
equal to the nuinl)er of atoms of radium clianging to radium < 
emanatiim tn the same time ; the amount of radium present would 
therefore remain cemstant. V- follows that when a, state of radio- 
active ecjuilibrium is reaeln'd, the ratio of radium to uranium 1 ceases 
to i.icH'ase iurth(‘r, i)ut r('mains roughly coustant, hedng inflepen- 
d(‘nt of any further ])eriod during whudi th(^ sul)stanc(\s are stored. 

Most of the uranium ores found in the rocks of tln^ earth have, 
been “stoiwl ” under suitable conditiojis, and for a siillicient time, 
to bring af)out approximate “radioactive (‘(|in]ibrium.” In these 
(sasv s, t he ratio of the radium to tlie uranium sliould liaV- became 
pracf ically constant.. Careful analysis ’ has shown that, in the 
majority of uranium ores occuning in rocks of diffeiamt ages and 
different localities, the ratio 

JIadium Content 
Uranium Content 

varies betwtMm >; 10'^ and 3-320 x 10'^ 3’he practical con- 
stancy of the valu(‘ in such cases (a-rtaiidy sup])orts the view that 
the wlK)le of the radium irj the minerals Inis bec-n derived by the 
J^reakdown of the uranium atoms. The ratio of actinium t fcurajiium 
n; minerals is also found to be constant. - 

• On the other liand , the amount of “ hvad ” (or, jiroperly, of radium 
• G) found in *1 lie miiK'rals increases with their age. In minerals 
fqpnd in rocks which solidiTied in “ Carboniferous ” time, the ratio < 
* “ T^aid ” Content 

Uranium Content 

^ 13. Hrimunii and W. Marokwnld, iV/y.v. Zrit.sch. 14 (1913), 303. R?mit 
resoarchea by S. C. Lind and 1^. D. RobertH, Jf Armr. Chan. Soc. 42 (1920), 
1170, put the ratio of radium and uranium in rodioactivo equilibrium at 
3-40 X 10'7. • . ^ 

® S. Meyer and V. F. ll^s, Sitzungsber. Akad. Wiss, Wien, 1^8 
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• ‘^1 '* * 

is ‘.0*041 ; thosj whioii werj formed in tne preceding “ Devonian ” 
ejA)ch ha^eia highfr«ra6o„0*045 ; “ Silumn minerals carry lead 
jn t\A3 ratio 0*05k whilst tlie»oldest rocks of all, dating from “ Pre- 
CambVian ”* tim(», contain lead anS uranium in ratios vary^^g 
from (}*1£ to^0*2(). increase^of “ lead ” with age is thought to 
indicate that tjie fe^d-lik# constituent of the ores *' (radium U) is 
really the end-product, and does not tend itself to decay giving ris^ 
to other shhstanccs.^ course, no nteans of proving 

defifiit^ly that ra5ium G does not undergo a very slow change ; but 
as far as we can tell, it is stable. 

It is worth noticing at this point th*at the property of radio- 
activity is mainly confined to elements of high atomic weight, and 
as we pass to atoms of atomic weight less than 206, the atoms 
I appear for the most ])art 1,o be stable. It is true that salts of 
potassium and rubidium do give off /9-particles, but*thfre is no 
definite evidence that they come fn^m the atomic nucleus, or that 
they indicate a change analogous to those occurring in radioactive 
substances. There are also facts known which suggest that ccfpper 
may have a species of radioactivity,^ but this question must be 
j regarded as still undecided. 

In all uranium ores, the long-lived members of the series, such as 
uranium J, ionium and radium, are present in far greater amount 
th^fti tho.fo members which have atoms of short average life. A 
little consideration will show that this must necessarily be the case. 
A consequence is that, whilst the long-lived members of the scries 
can best be isolated by extraction from the naturally occurring ores, 
the short-lived members arc practically never prepared in this way ; 
they can, however, be obtained in small, often invisible, quantities 
by the method of “ growth ” in the laboratory — that is to say, by 
storing a preparation containing a suitable long-lived “ ancestor ” 
—until a perceptible quantity of the short-lived body has been 
formed, after which it is separated by appropriate cheifiical or 
physical means. For instance, radium A, B and (' would -in 
jAactice- be prepared in the laboratory from a salt of radium Ijy 
allowing the emanation to produce an active deposit upon a wire or 
on the side of the vessel ; they would ]y)t be extracted directly.from 
' a naturally occurring uranium ore. Similarly in the case of the 
thorium scries^ thfc only elements sufficiently permanent to be 
worth extracting direct from thorium ores are Jbhoriflm itself and 
me^o thorium I. %The more short-lived members, if required, must 

1 A. Holme.s, Froc. Roy. Soc. 85 [A] (1911), 248 ; B. B. Boltwood, Amer, 
J. Sci. 23 (1907), IJ. The ra^o of thoriurrfto lead is discussed by A. Holmes 
• and R. -W. Lawson, Fhil. Mag. 28 (1914), 823* 

• 2 G.«HoffiAinn, Ann. Phys. (1920), 738. 
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be grown in the laborafory. table thc^end the chapter,’ 

which indicates the ftietiiod of prepafingieach%adioactife*elemen\, 
makes this point clear. • • ^ • 

^ince the short-lived bodicf? are usuallj^ prodilf^id in qujyitities 
so small as*to be iinwcighablo and invisible, is na^isally some 
difficfultji in se^3arating them chemioari5^ froq^ thi) much larger 
amounts of long-lived elements with whicl] they are usually micfod- 
Where a me^e triice of some radioactive sij^stance ha^o be pre- 
cipitated from a solution, it is usually best to add a small (Jtt#^mfity 
of some non-radioactivc metal which would also be precipitated 
under the same conditions. For instance, if we desire to^ separate 
a trace of uranium from uranium I by precipitating the former 
with ammonium carbonate, it is best — as mentioned above— to add 
a little iron (ferric) salt to the solution, and then to add the 
ammoniupi efarbonate. Tlie precipitate (consisting mainly of ferric 
hydroxid(>) affords the lu'cessa^^y nuclei for the precipitation of the 
metal uraniiun Xj, and the preparation of tliat metal, although 
greatly diluU'd with inactive iron, is at least tolerably free Ifrom 
uranium 1 aiifl other radioactive impurities. 

(Jlosely connected with the method just described is the process 
of separating by selective adsorption. If a solution containing 
actinium B, actinium C, and actinium 1), is shaken with animal 
charcoal, the actinium D is taken up by the charcoal, whilst t^ie 
other substances remain in solution. A rather similar method has 
been applied to separate traces of uranium X 2 from uranium Xj ; 
the solution is filtered through moist tantalic acid ; tantalum is 
chemically related to uranium Xo, and the tantalic acid adsorbs 
the uranium X.^ whilst the uranium X^ ])asses through. 

Radioactive Elements and the Periodic Table. ^ It was 
explained in the introduction that the Atc^mic Number of an 
element (the number which decides the place in which the element 
is to fall'in the Periodic Table) is equal to the numl)er of electrons 
surrounding the nucleus ; consequently, if the atom as a whole i^ 
to 1^0 electrically neutral, the Atomic Number must also be equr! 
to the “ net positive charge ’’ of the nucleus. If this be accepted, 
^'it becemes possible to predict ihe chemical character of the product 
of «ach stage of radioactive change. 

Uranium J is |in element belonging to Group VIa iff the Periodic 
Table, and has a pc^itive valency of 6. Its Atomic Number is 92. 
The element, as stated above, gives off a-rays, a ne^ metal uranix?in 
Xj being left behind. If one a- particle is given off from each atom 
which undergoes change, and e^ich a-particle has a positive charge 
equivalent to twice the charge of the electi*on, then the net positive 
1 F. Soddy, Trans. Chem. Sc^t. 115 (1919), 1. 
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oharge of the ^jjucleiiii reduced by two iinfts. In other words, the 

aloraic lumber is; reduced from *92 to 90# a reference to the 
j Pe^fodic Table ajvrn in the ♦Introduction (page 24), will show .that 
the ^uare* corrr^jjonding to the Atomic Number of 90 is alrejidy 
occupied If jy tHc SYujent thoripm. Therefore, we should expect 
•uranium Xj cj(^se^^^ to it;semble thorium in (‘heiviical pfo^erties. 
^xjicriment^l investigation has shown that it is not merely similar, 
but chemlieally identijjal. Uranium Xj differs ffoni ‘thorium only 
in fadiffactivc })roperties, and in atomic weight ; *the atomic weight 
of uranium X^ must clearly be 4 units less than uranium (288), since 
the mass of the a-particle (or helium nucleus) is 4 ; therefore the 
atomic weight of uranium X, is 284, whilst that of thorium is 232. 
It is thought, therefore, that, the uranium Xj atom differs from the 
thorium atom in the mass and size of the nucleus, but that the 

net charge ” of the nucleus is the same in each case*: Vus means 
that the number of (‘lectrons outsid(^ the nucleus is the same in each 
case, and, if t lu^ arrangement of the electrons is similar, it is easy to 
und(*rstand why both elements have identical chemical projjfn’ties. 
lhanium X, is said to be an “ Isotope ” of Thorium, 

The chemistry of uranium X^ (uin therefore be summed up in a 
single sentence : “ it is a tetravalent ehumait of Group IV"a, chemi- 
cally identical with thorium.” The same line of reasoning can now 
b? applif d to predict the properties of the next radioactive element. 
Uranium X^ emits a /i-particle, producing uranium X 2 . The loss 
of a negatively charged /Tparticle must result in th{‘- increase of the 
iK't positive charge of the nucleus by one unit, and therefore in the 
increase of tlie atomic number by one to 91 . Hence we may expect 
to find uranium X^ in the space marked 91 in the Periodic Table ; 
that means that it will be a pentavalent (dement belonging to 
Group Va, 'Ihis fact also has be(ui verilled. Uranium Xo is a 
metal generally similar to tantalum, which stands above it in the 
same group, although not, of course, chemically identical (or 
isotopfe) with it. , 

• Uranium X 2 loses another //-jiarticle and givTs rise to uranium II. 
Accau’ding to the same principh's, uranium ] I should have an atonAc 
number of 92 and thus share; a sjiac^ in the Table with urapium I<f? 
This is found to be the* case. Uranium II is actually ch^mi^ally 
identical witl^ urifnium 1, although its atomic wni^ht is low(Sr than 
that of uranium I by about four units, the weiglit off dbe a-particle 
({pr tlie loss oftw^eight due to the expulsion of the two ^-particles 
can be neglected). In |(hort, uranium JI is an isotope of uranium 1. 

The properties of the products of further change can be predicted 
according to ike same rule ; the loss of an a-pariicle always causes a 
shifi^of tiSO places to the left^ in the Periodic Table, w'hilst that of a 
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P’particU causes a sMft^of (^.pla(f. to the right. The discovery of the 
rule, wliidh w^s*idade iwdependentfy Ify Soddy and Russell ir^ 
Errand, a^d btj ¥ajans in t^ormanjr, has been of thn very greatest 
imp(^rjbance in (Correlating the chemical and radioactive propejities 
of the elcifients. . \ • / 

The effect of*th(^e changes is shown in tabular f(5rm onT>age443. 
it will be n«ticed that the application of the rule brings radium ini>o 
Group IIa j radium i^^in point of fact, a divalenff metal, chemically 
simil*"* although not identical with, barium. It likewise brings 
radium emanation (also called niton) into Group 0, along with the 
inert gages helium, neon, argon, krypton and xenon — a position 
which entirely accords with the chemical properties of the emana- 
tion. 

The rule can furthermore be applied to the actinium branch of 
the uranium series, and also to the thorium series, aftd iiever fails 
to indicate results in accordance with experimentally determined 
facts. 

Ilf the table just given, all the radioactive substances ifi any 
given vertical column, are isotopic with one another, having the 
same atomic number and therefore sharing the same square in the 
Periodic Table proper. In certain cases this square is also occupied 
b^ some common element, such as thallium, lead or bismuth, which 
displays*no radioactive properties and which is also found in nature 
in largo quantities far apart from the radioactive elements. 

It will be noticed that there appear to be seven radioactive 
eleraei\ts isotopic with lead, whilst there are live isotopic with 
polonium, and live isotopic with thorium. In each case, the isotopes 
appear to possess identical chemical properties, but differ, usually, 
in atomic weiglit, as well as in radioactive behaviour. Since the 
chemical properties of isotopes are identical, it appears impossible — 
at any rate, at first sight^to separate, by chemical means, two 
i.sotopic substances occurring together in a mixture. For Ihey will 
both If! precipitated by the same reagents, and redissolved under 
identical conditions. Ncvertludess it is possible, in many c^ses, 
to obtain individual isotopes in a pure state, by jndirect means. 
For instance, radiothoriuni occurs al#>ng with thorium, in thorium 
ores, and no amount of industry will enable us to separate the riwiio- 
thorium fron> th^ thorium by chemical methods. ^But meso- 
thorium I also occurs in the ores, and can be sqj)aratld fairly easily 
fr#m the thoriufe ; if the mesothorium salt solution is then stored 
for a few months, radipthorium is developed spontaneously in it, 
and can be separated from the raesotjioriura without serious trouble. 
In this way, rafliothoriuffi, free from thorium, is obtained. 

ItVill bi understood, fropi a glance at^ht table just given, why 
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the end-product MTe radiu^ family (radimn G) an isotope? 

of lead ; foii^the preg^ding me^nbeJ* (poloi^iur^) *whic{k undoubted!^ 
j3elongs to Group VIb, certainly gives off {i-rays'whigh wouki throw 
radium G intt/ Group IVb. JJadium tl shouh> <fj^{Ter*jn atgiliki ’ 
weight from uranium I by 8 X 4 = 32 units, sin'^je lyg^it c^-partlcles 
are given oft in the production of radium (t ke<(rv uranium 1. The ^ 
atomic weight of the eud-product, therefore, sho^jldV^ 238 32 ■ 

2QG. The atojnic weight of ordinary leafl (lerivcd i'rom \^ajneiV! 
lead ores is 207-2*^ If, as has been assinmvjl abo;ge, the lead-like 
element occurring in uranium ores is really radium G, its »irtonii(? 
weight should be lower th;jn that of ordinary lead. The atomic 
weight of the so-called “ lead ” deiaved from uranium or(‘8*existing 
in different parts of the world has been determined, and has been 
found to vary betw(‘en 20()-4 and 206-8.^ It is ])robable, therefore, 
that the “ apparent lead ” of uranium ores does consist largely of 
the isoto|», fadium G, which has been derived from the uranium 
by a process of radioactive dec'.»y. 

Now lead occurs also in thorium ores. If the thorium ores 
conta^ more thorium than uranium, the atomic weight, instead of 
being abnormally low, is usually abnormally high, in one case 
reaching 207 -i).- This “lead” probably consists in part of the 
end-product of the thorium series, Thorium E, an isotope of lead, 
which, being derived from thorium (atomic weight 232) by Gic lo{;^s 
of six a-particles, should have an atomic weight 
232 - - (G X 4) 208. 

It has bet'll suggested that ordinary lead, with atomic weight 
207*2, may be a mixture of “uranium lead” (of atomic weight 
about 20G) and “ thorium lead ” (of atomic weight about 208). 
The fact that ordinary lead behaves as a single substance in all 
chemical reactions constitutes no valid objection to this view, 
because the two isotopes would be chemically inseparable, and 
would remain mixed in the same proportions - no matter in what 
cluanical changes the lead is made to take part. ' 

Isotopes of the Non-radioactive Elements. The suggestioi^ 
just made is reajly a special case of a more general theory that has 
*now the support of many eminent chemists and physicists. As 
early as 1815, Prout pointed out that a large ^iroportion of the 
atomic weigjfts Ifiy close to whole numbers. Since ttet time, more 

accurate determinations of atomic weights have tended to confirm 

♦ % 

' T. W. Richards and M. E. Lembort, J. Amer. Qhf.tn, Soc. 36 (1914), 1329 ; 
T. W. Richards and C. Wadsworth, J. Amer. Chem. Soc. 38 (1910), 2013. 

* K. Fajans, Zc/itsch. Elektrochcyn^ 24 (1918), 1B3. See F. Soddy and 
H. Hyman, Trans. Chem. Stfc. 105 (1914), 1402. ^ o 




C - 12*005 
N - 14008 
t F - 100 
Na 23 00 
P 3104 
S == 32(M; 

(^a. - 40*07 

Now tJ;iLs approximation to whole numbers can hardly be acci- 
dental. Nevertheless, there are some very notable exceptions ; 
for example, the atomic weight of chlorine has been determined 
with great accuracy and is found to be 35*4(). Among the heavier 
elements, the exceptions become exceedingly commbn.« 

If, however, it is possible to beliew-^ that chlorine,” for instance, 
is a mixture of two isotopes inseparable by any chemical method, 
it is t(uite possible that each of the isotopes have an atomic Weight 
which is a whole number, and that the value 35 •4() only represents 
the average weight of the atoms composing the mixture. The same 
possibility would apply to other apparent exceptions to Front’s 
geiieralization. 

In orcfhr to settle this question, it is necessary to consider whether 
isotopes- in s])ite of their a])parent identity of chemical character 
— could not be sepai’ated in some way. There are theoretical 
reasons for thinking that even the purely chemical properties of 
isotopes may differ to a miiiub^ (‘xtent : but the differences have 
hitherto proved to })e too slight to be capable of detection, and 
even if discovered would almost certainly be quite insufficient as a 
basis of a separation process.' The .same applies to the electro- 
eliemical properties ; it has been found, for instance, that the 
potential of an electrode coated with radium G peroxide is not 
apprecfJibly different from one covered with lead peroxide.- • 

* Attempts have been made to carry out the fractional cryfftal- 
lization of lead nitrate contahung radium G nitrat^, but no separ- 
ation has been effected ; for the mqjecular solubilities of t^e two * 
salts are identical, and therefore the crystals deposited conWiin 
atoms of the ^o fsotopes in exactly the same proportjpns as they 
exist in the solution.^ • * 

^ F. A. LiiKloinTmn ami F. W. A.ston, Phil. Maf/. 37 (1919), 523. 

2 (J. von Hevosy and F# Fanoth, Monatsh. 36 (1915), 795. 

^ T. W. Richards and N. F. Hall, J. Amc.r. Cham. *S'oc. 39 (1917), 531 ,* 
T. W. Richard.s ^id W. C. ^cluirnb, J. Chem. *S'oc.f40 (1918), 1403; 

K. lu^ans and M. Lemhort, Zeituch. Anoni. Q/irtn. 95 (1910), 297, 
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The mass of the^atoii^s o^^wo isotopes differs^ in post cases, bf 
an appreciJsJple amoyjj^t. It is of interes^^to hoj^ieft that ^Iie speciqc 
^gravities of the isotopes, V>ad»and radiuhi G, aljlo jdiffer, l^tanjjiiig 
to one another the ratio of tly? atomic weights at *the at^ic * 
vol’sme of ^he two isotopes is identical.^ It in tlie dijforence 
in al^opiic mass that the most hoj^eful s^4ie?n'/^ ioi^ tiie'shparation, 
of the isdtopes flepends. No success has yet baai nhd. witli in the 
separation o^ radioactive isotopes, but efforts made y.'? separ.d;i‘ 
the lighter elements, such as cldorine, intodwo c*<)mponei^ts li^^ve 
been so far successful as to hidicate — in a fairly satisfactory ii^inner 
— that several of the so-caljed “ elements ” really consist of atoms 
of at least two different kinds. » 

If a gas cojisists of a mixture of two isotopes, the more mobile 
(‘onstituent should be capable of diffusing through a porous par- 
tition slightly more readily than the heavier constituent. By a 
process ot^ “ fractional diffusion,” therefore, repeated many times, 
we niight hope to resolve the mixture into the two constituents. 
The process is, however, a most laborious one, because the diffe^^ence 
in dilBisive powers is extremely small. Nevertheless, in lf)lT-14, 
Aston obtained n^sults whicli led him to believe that the inert gas, 
neon, could be separated, in this way, into two isotopes ; un- 
fortunately the war ])reventcd the work of separation from being 
coiupleted. More recently, Harkins 2 has apjdied a similar gnctlu'd 
tf) th( resolution of chlorine. By the continued fractional diffusion 
of hydrogen chloride, he sej^arated the gas into a light and heavy 
portion, which arc regarded as containing twf) vaiieties of chlorine 
atoms, of atomic weight 35 and 37 respectiv(^ly. A j'atlu'r similar 
method lias lately been applied to separates mercury into a light 
and h('avy portion ; although the vapour presf^ure. of t he isotopes 
is id(‘ntical, the velocity of evaporation is greatest in t lu' eas(‘ oi the 
lighter isoto])e. By repeated fractional evaporation of ordinary 
pure mercury a se^paration into two portions, diflV'ring in density 
by as much as 0-49 per cent, has be(‘n obtained.'' 

Much more definite results, however, ar(‘ obtained by Astop^ 
through the employment of an electrical method based u])on ar 
apparatus kno^vn as the “ mass spectrograph.” ^ It was 
explairyd in the introductirJi that when an electric discharge 
pasi^?s^between metal electrodes through a gas at j^ery low pressure, 
free electroi^s cathode rays”) are shot out from 'the cathode; 

^ T. W. Hichard.s nncl (J. Wadsworth, J. Anwr. Gheni. 38 (1916), 

2 W. D. Harkins, Nature^ 105 (1920), 230. 

® J. N. Broiisted and G. Hovesy, Phil. Mag. 4B (1922), 31. 

^ F. W. Aston, Phil Mag. 38 (1919), 707 ; 39 (1920), 611 ; 40 (1920), 628 ; 
42 (1921), 140, 436; ScA. Progr. f5 (1920), 2i;j ; Trans. tC hem. Soc. 119 
(1921), 677 ; F. W. Aston R. H. Fowler, Phil. Mag. 43 (1^2), 5^4. 
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a has been foiin(t that* under the saf|.e circurlisirances positively 
charged particles •(‘•pasitii^e rays”) /ire also^produce^> -probably 
through %ollisio;i of the caithode ray partictes with the gaseous mole-* 
*cu 1A5^ Th^*pos^i^3 ray pal-ticles tjavel in the opifosite direction 
to thp, cathode ^rk^s, namely towards the cathode ; if t^e cathode 
is pierced* by an apAture, a peiKdl of the particles can be ob,t£^ined 
and their propvrtie# examined. Most of the, positiVe ray 'particles 
appear tc^fce atoms or molecules which have lost ,ono or moue 
electrons. " , i / 

A st»jam of positive ray particles can be deflected in their course 
by an electrostatic field, and also by /i powerful magnetic field, 
although, they are far less sensitive to such influences than the 
lighter cathode ray particles, and, being positively charged, are 
drawn out of then course in the opposite direction. The “ mass 
spectrograph,” shown diagrammatically in Fig. {)1, is an apparatus 



Fig. 91. — Mass Spectrograph (Diagrammatic). 


in which a thin ribbon-like beam of positive ray particles admitted 
through the slits Sj and 8^ suffers deflection, first by an electro- 
static field (provided by the electrified plates Pj, Pg) and then by a 
magnetic field provided by the magnet M, being finally brought 
to focus upon the surface of the photographic plate, -AB. The 
arrangement is sucli that the position on the plate of the point 
where the rays strike the sensitive surface depends upon the ratio 

charge upon a particle 
mass of a particle 

• I 

If we confine our attention for th# moment to particles .which 
carry unit charge ^having lost one electron only), then the header 
particles will sitrike the plate at the near end (A),,thejparti5es of 
intermediate mass in the middle, and the light p^irticlls towards the 
fa* end (B). Ilf is obvious that* if the stream consists of particles 
of one size only they v^ill all strike the plate at the same point, 
and we shall, on developing the pljte, get a “ positive ray spec- 
trum ” consist Ag of a shigle line. If a few of the particles carry 
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a double ohar^ a second^ fainter line niajr j)r®duced at some 
^ distance t the fjrst, ,|nd ^lossibly a dhh d iine, s1)ill ffainter and 
more remotCj^^may be produced, if particles with thrc^ cfiargoij are 
present. But, so long as ai! the particles orie sizef the* 

spectrum -produced is simple. If, however, ^ i/no particles Vonsist 
of two l^ds (Jiffering from each other '^liglitly inonass, the result 
is far more complicated. Each of the lines will 'become dqu>)ie. 
By studying carefully the positions of the lines it 1*=^- ^/ossible lo 
arrive at the majses of tlie particles that cause them. The “ posi- 
tive ray spectrum ” of chlorine, for instance, has been interpreted as 
showing that chlorine consists of two kinds of atoms, having atomic 
weights 35 and 37 respectively ; there are no particles bf atomic 
weight 35-46 present, although tlie two kinds of particles must be 
mixed in such a proportion that the average weight of the atom is 
35-40. Oii jjthe other hand, it has been shown, by means of the 
positive-iay spectrum, that hydrogen, helium, carbon, nitrogen, 
oxygen, phosphorus and sulphur are all “ pure ” elements, con- 
sisting of atoms of one size only. Ail these are cases, it shonld be 
noticed, in which the atomic weights have long been known to lie 
very close to whole numbers. Elements like chlorine (35-46), 
bromine (79-92) and mercury (200-6) are shown to consist, in each 
case, of a mixture of isotopes, tlie atomic weight of each isotope 
being an exact whole number. 

Thus it seems that Prout’s “ Whole Number Rule ”■ has, after a 
century of uncertainty, proved to bo substantially true. The only 
definite exception to the rule that all atomic weights are exact 
whole numbers is hydrogen, which has an atomic weight 1-008. 
Theoretical explanations for the slight deviation of this— the 
lightest of all elements- — from the rule have been offered. It seems 
not unlikely that the atomic w'cights of certain other elements may 
differ very slightly from whole numbers ; for instance, that the mass 
of the nitrogen atom may be 14-016.^ 

If once it be admitted that many of the so-called elem'wits are 
really mixtures of two isotopes, a good many other puzzling facj:?i 
receive an explanation. Chemists have long been troubled by the 
fact tlfkt the atomic weight of tellurium exceeds that of iodine, 
aiyioifgh it clearly occupies a^lace prior to it in the Periodic Table. 
Much work has been devoted in the past to attempting by chemical 
means to ^o%^ that “ tellurium ” is really a mixtiu’e of two sub- 
stances, the more important component having a ti^ie atomic weight 
below that of iodine. All attempts to resolve it into two substances 
failed. But if, as is now believed, the tw6 components are really 

^ Sir E. Rutherford •''iS J. Chadwick, Phii, Mag, 42 (192J), 825*; 
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isotopes, the for^j; failure to ,separLbe them chemically need 
occasion lie surprise# ^ ' z'® 

Fi;rther, if it be admitted that the weights of individual atpms 
are Approximatci;.|^ whole numbers,* it is legitimate to speculate 
on thb in which fhe atomic nucleus is built up.^ It Would sebm 
that the nucleus of all atoms is made up by combination of* units 
having atonpc weignt approximately 1*0, and this common unit is 
presumably ihe hydrogen nucleus ; the fact that ^ydrugen appear^ 
to be produced when ''nitrogen suffers bombarejment by a-rays 
gives considerable support to this view. The hydrogen nucleus 
can thus be regarded as the unit of positive electricity, just as the 
electron is regarded as the unit of negative electricity. It is neces- 
sary to assume that the nucleus of all atoms (except hydrogen) 
also contains negative electrons, since the atomic nuniber repre- 
senting the net nuclear charge is never as high as the atomic weight. 
If we write*?^ for the hydrogen nucleus, and fi for the election, then 
the a-particle (or helium nucleus) may be written 
has a mass of four units, and a net positive charge of two units. 

Probably, the nuclei of the higher (radioactive) atoms contain 
a-particles as such, since a-particles are given off so frequently 
in radioactive changes. It is also worthy of attention that several 
of the commonest elements have atomic weights which are exact 
multiple'^ of 4, and in these cases the atomic nuclei are possibly made 
up by the union of a-particles. The elements having atomic 
weights divisible by four actually make up 85 per cent, of the 
earth’s crust, and 93 per cent, of the material of meteorites, which 
are the only samples which we receive of the extra-terrestrial uni- 
verse. If we agree that “ abundance ” is a measure of “ atomic 
stability,” then it would appear that atoms having weights which 
are exact multiples of that of the a-particle are exceptionally stable. 
Harkins represents the structures of these atoms thus — 


r 

Atomic Welglit. 

^^hleliuni a 4 

Carbon ...... a, 12 

Oxygen ...... a# 16 

Neon Og ' 20 

Magnesium. . . ♦ 24 ' ‘ 

Silicon Oy 

Sulphuifc Oa » ^ « 32 


Those elements which have irot atomic weights equal to exact 
multiples of four must be imagined to contain extra hydrogen nuclei 
in addition to a-particles. This suggestion has received confirma- 

. ' Vi". D. Hurkiiifl, Phys.oRev. 15 (1920); 73 ; RVl,,Mag. 42 (1921), 305. 
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wvxA xluixi worl^ b\i*Iiutherford £fnci It 

Stated eaft^z in this^hapter ttat nitrogciL (aS.oiJid' w«gh^ 14), wh§n 
bombarded^ with a-partifdea, igives rise \o certain* swiftl/ mo^ving 
particles whicb are believed bo hySi’ogen nVa^ei. \b has nee* 
been foun<J that boron (11), fluorine (19), sodi'4^.h^(23)^%l\jiMijiium 
(27)^ ^nd phosphorus (31) give sinfSlar p^tic4es, •vlych are probably, 
also hydfogen huclei^ It is noteworthy that n%ne Of the elements 
just mentioi:j;3d have atomic weights which are multigl^^s of ; 
elements hke carbon (12), oxygen (16) aftd sulphur (32^ w^ijich 
have atomic weights equal to exact multijdes of four, showl^io such 
effect. It is concluded therefore that atoms of the fojiner class 
contain (in addition to a closely packed nucleus built up of oparticles 
of mass 4), two or three hydrogen nuclei probably moving round 
the main nucleus in small orbits as satellites ; when such elements 
are bombarded with a-particles, a hydrogen satellite may occasion- 
ally be k]j.o(flced away from the main nucleus, and escapes from the 
system ag one of the swiftly Mxoving particles referred to above. 

List of Radioactive Substances. To complete the chap4er, a 
list is given of the known radioactive substances, showing the 
character of the rays given out by each, the period of half -change, 
the group of the Periodic System to wliich the element belongs, 
the chemical character and the usual means of preparation. 

In the column indicating the radiation ])roduced, the Icackct^d 
symbol (/I) or (y) is intended to denote that /i- or y-rays of low 
penetrating power are given off. 

The period of half -change is itself a key to the intensity of the 
radioactivity possessed by a substance ; those elements having 
a short period are the most active, but, at tlie same time, the most 
ephemeral. 

The chemical character is expressed very shortly, because in 
every case the element is described in the later volumes of this 
book, oi; is isotopic with some other element, the properties of which 
are there described. ^ 

, Finally, in the right-hand column, reference is made to oIR^ 
Ijo^ible method of obtainuig a preparation containing the individuf i 
, elemerft in question. Further details of the method and of alter- 
native, methods — must be fought clsewhenj.^ Idio informatiou 
given is, liowever, sufficient to make clear wh|.t has been stated 
above, naiftel|^*that only the stable, long-lived materials occur in 
the ores in sufficieiffc quantity to make their direct extraction prac- 
ticable. The short-lived substances must be “ grown ” in the 
laboratory. • 

1 Sir E. Riitliorford and J. ChaSwick, Phil. ^ag. 42 (fb21), 809. 

* F. Soddy, “ Chemistry •)£ Radioactive Elem%|»ts ” (Longr^ans, ijreon’ 
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. Summary. '‘Radioacfive sul^stanctn £^ve ofi coiRinuously 
eiliher a-yarticlfes ^idJ^nUlcaF^with Lelium n^clei>or /^-py^oles (free 
elecifons;. J'he^ex;pulsion /^-particles is often accompanied by* 
*the'^rodu(ytiion (which a^e analogous to X-rays). All 

these ♦laryaf^^'^g^ffect iv- photographic plate, and cause centain phos- 
phorescent; substafices' tcvi glow. The a-particles ^ when striking 
matter cause a ri&c^ of temperature, sometimes chemical decom- 
position, an^, in the case of gases, ionization ; this latter property, 
which is possessed also^by and y-rays, is usedtfor the measyye.- 
ment oi radioactivity. In certain cases, bombardment by a- 
particles may cause the disintegration of* the nuclei of other atoms, 
with the' formation of H-particles, or hydrogen nuclei. 

The atoms which lose a- or )^-particles themselves super change 
in the process ; this radioactive change differs from chemical change 
in that the velocity is independent of temperature, solvents, cata- 
lysts, or sffate of combination. Uranium I in losing an ^.-particle, 
generates uranium Xi, which loses ^-particle, yielding uranium 
Xg. I The changes continue until at last we come to radium G, which 
is chemically identical with lead, and which appears to be stable. 
The so-called “ lead ” of uranium minerals is mainly radium G, 
differing from ordinary lead in having an abnormally low atomic 
weight. On the other hand, the so-called “ lead ” of thorium 
nHneralj has an abnormally high atomic weight, and is probably 
mainly thorium E, the end-product of the “ thorium series.” Most 
uranium minerals have reached a state of “ radioactive equili- 
brium ” ; the ratio Ra : U is constant for minerals of different 
geological ages, but the ratio Pb : U (or strictly RaG : IJ) increases 
with the ago of the mineral. All these minerals contain “ long- 
lived ” elements (such as uranium, radium, thorium and meso- 
thorium I) in quantities sufficient to make their extraction possible ; 
the elements with short periods occur only in minute quantities 
in minerals and must be prepared by “ growth ” in the laboratory. 

Whe^n an element loses an a-particle, it changes to an element 
•''cupying a space two places to the left in the Periodic Table ; if 
a ^-particle is expelled, there is a shift of one place to the ligljt. 
By this rule, the chemical character of radioactive substances caiv 
be predicted. We frequently find ^several elements occu/5yin^ a 
single space in th^ periodic table ; they are chemically identical — 
for all practical purposes — but differ in atomic and radio- 

active charactej; such elements are called ‘^isotopes.” Radio- 
active isotopes cannot be sepalated by chemical means, but can 
in most cases be prepared free from one another, by “ growth ” 
under suitable conditions. r 

It; is ppw knowik*,that non-radioact »^ e lements, which have 
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atomic \^eiglitstnat ar« nil whqje numb^rp, a^^r^lly mixturos^bf 
isotopes, i^or instsknce,^tw(f seplirate feetfiocis j^onfe depending , on 
^ dif^sion, m.6^ one upon the 'detlectioij of positive ra^s) Sppe^r to^ 
indicate that chlorine, with average atomic ^eightf ” 36^, is* 
re^ly a mixture of two atoms of ai;omi<’- wftiorh^ 
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